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(i) 
                                                      Preface 
Many complex and interesting phenomena in nature are due to nonlinear interactions of the 
constituents. The study of nonlinear dynamical systems have achieved significant progress 
over the last four decades, which allows scientists and researchers to understand various 
rather complicated behaviors such as self organization and pattern formation in the neural 
networks of brain, pacemaker functioning of heart and many cyclic processes in living 
systems. Unusual properties of reagents in far-from-equilibrium conditions and prevalence of 
instability where small changes in initial conditions may lead to amplified effects have been 
documented more than a century ago. Recent discovery of oscillating behavior in 
homogeneous solution reaction between acidic bromate and malonic acid in presence of metal 
catalyst has gained lot of attention. The system is commonly known as Belousov-Zhabotinsky 
reaction and is now considered as the work horse of nonlinear chemical dynamics. 
Understanding of the onset of exotic phenomena in chemical systems has provided important 
insight into the formation of similar behavior in nature. As opposed to nonlinear systems in 
physical and biological areas, in which control parameters are often inaccessible or difficult to 
adjust, chemical reactions can be conveniently manipulated through adjusting the initial 
concentration of each reagent, temperature or flow rate. As such, nonlinear chemical 
phenomena have played a very important role in gaining insights into the various nonlinear 
behaviors encountered in nature. 
In the present investigation, we have chosen Catechol (1,2-dihydroxy benzene) as an organic 
substrate to study its exotic behavior. It has been investigated to show a good wealth of 
dynamic behavior. Selection of catechol as a BZ substrate has been made in view of the facts 
that it is present as a part or constituent of many biomolecules such as antioxidants, hormones 
and vitamins. Its derivatives have also been found involved in neural transmission. Thus, the 
study of nonlinear dynamics of catechol would help to gain insight into some natural 
phenomena occurring in living systems. Temperature dependence of oscillatory behavior of 
catechol-based BZ system has been studied for the first time. The activation parameters such 
as enthalpy of activation and entropy of activation have been derived from the temperature 
dependence of oscillatory parameters. Effect of antioxidants such as ascorbic acid and inosine 
on the above catechol-based BZ oscillator have been investigated in detail and the 
mechanisms of their interactions with the parent system have been elucidated. Some 
interesting analytical results have been worked out. The oscillatory behavior of the system 
was studied by using potentiometry and spectrophotometry.        
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Chapter 1 
INTRODUCTION 
AND 
REVIEW 
 
 
 
 
 
 1.1. NoNliNear ChemiCal DyNamiCs 
1.1.1.    Introduction  
          Nonlinear phenomena owe their origin from life itself.  Nature witnesses 
large number of dynamic phenomena every now and then. Life on earth is 
interplay of oscillatory phenomena, with every living system containing scores, 
perhaps hundreds, of chemical oscillators. These range from rhythmic activity of 
nerve impulse1-3, circadian clocks4-6, blinking of glow worms, ovarian cycles to 
coupled metabolic oscillations involved in protein syntheses. Oscillations are the 
rule rather than exception in living systems. These are the familiar phenomena 
in mechanical systems and electric circuits. Direction of motion of an object or 
an electric current may repeatedly reverse itself with or without damping of the 
amplitude of oscillations and repetitive standing or travelling waves may be 
generated in a continuous medium. Chemical systems are less prone to 
oscillations, and their evolution usually leads to a monotonic change of chemical 
parameters. However, it is well established that oscillations do occur in some 
purely chemical systems.  
  The interdisciplinary field of non-linear chemical dynamics has grown 
significantly in breadth and depth over the past three decades. Its subject matter 
and applications encompass all branches of chemistry as well as areas of 
mathematics, physics, biology and engineering. It involves most exciting recent 
developments in chemistry, the phenomenon of self-organization and the 
spontaneous emergence of complex, coherent, often periodic structure involving 
many molecular units. Inorganic chemistry has been well represented in this 
area. The study of how complex structure arises, both in time and in space is a 
major focus of the field of nonlinear dynamics. Like many of the newest areas in 
science, nonlinear dynamics is highly interdisciplinary and is characterized by a 
cooperative interplay between theory and experiment. Applications and 
examples can be found in nearly all fields of chemistry as well as in engineering, 
mathematics, physics, biology, geology, astronomy, psychology and economics. 
While most of the early work was purely a theoretical approach, but in the past 
decade many instances of new experimental breakthroughs inspiring new 
 theoretical and computational approaches are reported. The phenomena involved 
are occasionally counterintuitive and often aesthetically pleasing. 
 
1.1.2. Historical perspective 
 Theoretical and experimental studies of oscillating chemical reactions 
are now carried out at many laboratories and the interest in this type of 
phenomena is increasing very rapidly.  However, this was not always the case. 
First, regarded as curiosities or even as artifices, oscillating chemical reactions 
reached the status of a branch of laboratory chemistry only in late sixties, thanks 
to the discovery of oscillations in biochemical pathways7. There is a long 
history8 that has unfolded in this area paving the way for the explosion of 
activity of last three decades. The first significant event was made by Robert 
Boyle in seventeenth century. Boyle noted a periodic ‘flaring-up’ of 
phosphorous in a loosely stoppered flask arising from interaction of chemical 
kinetics and diffusion. The reaction between phosphorous and oxygen is a 
branched chain process that leads to an ignition. The ignition consumes oxygen 
available in the flask, the reaction does not immediately recommence. Instead, 
the oxygen concentration must reach a critical value before the chain branching 
leads to another ignition process. Other isolated observations were reported in a 
range of physical and chemical systems. In 1828, Fechner9 described an 
electrochemical cell that produced an oscillating current, this being the first 
published report of oscillations in a chemical system. Ostwald10 in 1899 
observed that the rate of chromium dissolution in acid periodically increased and 
decreased. Owing to the fact that both the systems were inhomogeneous, it was 
believed that homogeneous oscillation reactions were impossible11. The first 
homogeneous isothermal chemical oscillator to be described was the reaction of 
iodate, iodine and hydrogen peroxide studied by William C. Bray12 at the 
University of California in 1921. Hydrogen peroxide decomposes to oxygen and 
water. The rate of evolution of oxygen and the iodine concentration were found 
to vary periodically. 
 A dark period was observed between 1925 to 1960 in the field of 
nonlinear dynamics because of the reason that theoretical chemists13, 14   held the 
 view that oscillations in chemical systems were impossible and that these were 
an artifact of dust or bubbles. There was firm convection that second law of 
thermodynamics would just not allow the sort of abnormality – at least in 
homogeneous systems. Perhaps the greatest victim of that completely incorrect 
prejudice was Boris Belousov15, who made attempts to publish the observations 
of oscillations in the reaction that now bears his name jointly with Anatol 
Zhabotinsky. 
 In 1920, Alfred Lotka16 had developed a simple model, based on two 
sequential autocatalytic reactions, that gave sustained oscillations. This model, 
though it does not apply to any real chemical systems, has provided considerable 
inspiration to ecologists. Vitro Volterra17 used ideas similar to Lotka’s to 
investigate a wide range of ecological problems, including the effect of 
migration and of several species simultaneously interacting. This model is 
known as Lotka Volterra  model and is often used to characterize predator-prey 
interactions. The notion that monotonic behavior in chemical systems is 
somehow contra-thermodynamic began to break down, at least on theoretical 
side, with the work of Onsagar, Prigogine and collaborators18,19 on nonlinear 
thermodynamics beginning in 1940s. Nevertheless, when the next experimental 
breakthrough occurred, it still met major resistance. In the early 1950s, B.P. 
Belousov, a soviet biophysicist, was seeking an inorganic analogue of 
biochemical Krebs cycle when he noticed that the color of a mixture consisting 
of bromate- cerium ions with citric acid in sulfuric acid oscillated back and 
forth, with a period of a minute or so, between colorless and pale yellow. 
Belousov carefully characterized the phenomenon and submitted his results, 
with recipes included, to a number of journals, all of which rejected them on the 
grounds that such things could not occur. He eventually settled, before leaving 
the field, for publishing a single short abstract in the un-referred proceedings of 
a conference on radiation medicine20. Belousov’s recipes were circulated among 
Moscow laboratories, and a young graduate student, Anatol Zhabotinsky21 
modified the reagents, discovering that malonic acid could replace citric acid 
and the redox indicator ferroin gave a more dramatic red-blue color change than 
cerous-ceric couple. After thorough study of the chemical aspects he observed 
 that in an unstirred system, the reaction spontaneously gave rise to “target 
patterns” or spirals of oxidized blue ferriin in an initially homogeneous dish of 
reduced red ferroin- dominated solution22-24. Thanks to the path breaking work 
of Zhabotinsky followed by a conference on biological and biochemical 
oscillators held in Prague25 that featured talks and demonstrations on chemical 
oscillations and patterns. In late 1960s Prigogine’s group in Brussels developed 
a simple model, dubbed the Brusselator26 that was more chemically realistic 
than Lotka-Volterra’s abstract model and showed a variety of interesting spatial 
and temporal phenomena, which they called dissipative structures. The general 
results of nonlinear thermodynamics, and such behavior could occur in 
nonlinear systems maintained sufficiently far from equilibrium were now 
brought to reality in specific systems. A crucial step was the development by 
Field, Koros and Noyes (FKN) who gave a detailed mechanism27 for the BZ 
reaction. Numerical simulation of the resulting set of about 20 rate equations28 
confirmed that chemical oscillations could be explained by the same set of 
chemical kinetics principles that apply to ‘normal’ reactions. Field and Noyes29 
soon managed to abstract from the FKN mechanism a three variable model, the 
Oregonator, that contains the essence of chemistry while allowing for detailed 
numerical and analytical investigation. With the introduction of CSTR, 
developed by Dolores Perez Bendito168, many fundamental principles of 
chemical oscillations came to surface with better understanding, ensuring that 
reaction is far from thermodynamic equilibrium. The developments of past two 
decades have included the design of more than two dozen new chemical 
oscillators, mechanistic elucidation of the chemistry of many oscillating 
reactions, the discovery of chaos in chemical systems, better theoretical 
understanding and new experimental configuration. 
 
1.1.3. Oscillating Chemical Reactions: The Second Law Conflict 
 Before, and even during the development of the BZ reaction, a number 
of theoretical physicists and chemists were of the opinion that oscillating 
chemical reactions were impossible, at least in homogeneous systems. Some 
claimed that the Bray reaction was not a homogeneous reaction, but, instead that 
 the oscillations resulted from the presence of small particles13. Many believed 
that the oscillations were an artifact of heterogeneous phenomena like bubble 
formation14, 30. However, many of them based their refusal on the Second Law 
of Thermodynamics which states that 
  
    ΔStotal   >   0                                                (1.1) 
 
Where  ΔStotal is the total entropy change of an isolated system or of the universe 
for the change of state of interest. In chemical reactions, it is difficult to keep 
track of the entropy of the entropy of the universe. Under the conditions of 
constant temperature and pressure for a chemical reaction, a function like the 
entropy or the free energy31 depends upon only the current conditions of the 
system and not on its past history and it changes monotonically in a spontaneous 
process bringing the system ever closer to its final equilibrium state.        
           Those who objected the notion of oscillating chemical reactions, 
mistakenly, considered an oscillating reaction to be analogous to a pendulum, 
which passes through its equilibrium point during each cycle of oscillation. 
They thereby concluded that an oscillating reaction would require the free 
energy of the system to oscillate as the reactants were converted to products and 
back to reactants at chemical equilibrium, thus contradicting the second law. 
When a chemical reaction oscillates, it never passes through its equilibrium 
point. Instead chemical oscillations are far–from–equilibrium phenomenon, 
governed by the laws of non-equilibrium thermodynamics32. Beginning in 
1930s, Lans Onsagar, ILya Prigogine19 and others realized that thermodynamic 
ideas could be applied to systems far from equilibrium. They pointed out that a 
chemical system could organize i.e., decrease its entropy, so long as net entropy 
change of the universe is positive33. Thus, the concentration of intermediates in 
a chemical reaction can increase and decrease with time while the free energy 
monotonically decreases as a result of continuing conversion of high free energy 
reactants to low free energy products. Thus an oscillating chemical reaction no 
more needs the free energy to oscillate. Open systems kept far from equilibrium 
could exhibit spontaneous self- organization by dissipating energy to the 
 surroundings to compensate for the entropy decrease in the system. Sustained 
oscillations require an open system with a constant influx of new reagents and 
removal of products. A closed system must reach equilibrium and so can exhibit 
only transitory oscillations as it approaches equilibrium. 
            Although mechanical, electrical, and chemical systems are all 
susceptible to oscillations, chemical oscillations differ from others in many 
ways. In a frictionless (conservative) oscillating mechanical system, the sum of 
potential and kinetic energies remains constant while these are repeatedly inter-
converted. Although total energy is sufficient to define the repetitive trajectory 
in such a conservative system, both a coordinate and a momentum must be 
stated simultaneously to define the instantaneous state. Inertia repeatedly carries 
the system through the position of minimum potential energy to which it 
eventually decays if any friction is present. In an electrical oscillator voltage and 
current behave very much like potential and kinetic energies respectively and 
both must be specified to define the instantaneous state. If there is no external 
source of power, the oscillations repeatedly carry the voltage through the value 
to which the system eventually decays; the overshoot arises because the 
induction associated with the current behaves very much like mechanical inertia. 
In a closed chemical system at constant temperature and pressure, the Gibbs free 
energy is somewhat analogous to a potential energy in a mechanical or electrical 
system. However, both the instantaneous state and the rate of change in a 
homogeneous chemical system are uniquely defined by specifying the activities 
of all chemical species and the dynamic laws of the system. Therefore, there is 
no dynamic property like momentum or current that can be specified 
independently of the free energy of a chemical system and that can be coupled 
to it conservatively and reversibly. Chemical change in a closed system leads 
irreversibly34 to entropy increase and/or heat evolution. A chemical system 
resembles a pendulum subject to such severe viscous damping that the 
momentum is always negligibly small; specification of coordinate is necessary 
to determine direction of change, and overshoot of the final equilibrium position 
is impossible. Once a chemical system has attained exactly its equilibrium 
configuration, each dynamic process occurs at the same rate in both forward and 
 reverse directions, and there is no further spontaneous change. Further, the 
Onsagar relations guarantee that the equilibrium configuration is stable to small 
perturbations and the final approach to equilibrium will be monotonic. Thus, an 
oscillatory trajectory in a closed chemical system cannot pass through the point 
where all coordinates simultaneously have their ultimate equilibrium value the 
way the trajectories of mechanical and electrical oscillators may, because 
mechanical and electrical oscillators often oscillate through their ultimate 
equilibrium positions and such oscillations are absolutely forbidden to chemical 
systems. As such many chemists had tacitly assumed that chemical oscillations 
are impossible. Thus, oscillating chemical reactions no more violate the laws of 
nature.  
1.1.4. How chemical reactions oscillate? 
                    The species in a closed chemical system can usually be characterized 
clearly as reactants, products, intermediates and catalysts. Because the total free 
energy must monotonically decrease during any spontaneous process in an 
isothermal closed system, even oscillatory process must include some species 
(reactants) whose amounts decrease monotonically and other species (products) 
whose amounts increase. Catalysts may exist in two or more forms that are 
interconverted during the reaction. The catalyst forms and other intermediate 
species are created and destroyed by different steps. The problem of how 
oscillating chemical reactions occur has been examined theoretically to establish 
ways through which oscillations can occur. The reaction mechanisms of all 
known chemical oscillators have at least three common features: i) while 
oscillations occur, the chemical mixture is far from equilibrium, and an energy 
releasing reaction occurs whose energy drives the oscillating “side show”. (ii) 
the energy-releasing reaction can follow at least two different pathways, and the 
reaction periodically switches from one pathway to another. This is the 
condition of bistability35. (iii) one of these pathways produces a certain 
intermediate, while another pathway consumes it, and the concentration of this 
intermediate functions as a “trigger” for the switching from one pathway to 
other. When the concentration of intermediate is low, the reaction follows the 
producing pathway, leading to a relatively high concentration of the 
 intermediate. When the concentration of intermediate is high, the reaction 
switches to the consuming pathway and the concentration of the intermediate 
decreases eventually the reaction goes to the producing pathway. The reaction 
repeatedly switches from one pathway to the other. This condition is called as 
autocatalysis. Thus, we summarize the conditions for a reaction to be oscillating 
as:- 
a) It must be far from equilibrium. 
b) The reaction must involve autocatalytic steps. 
c) The system must exist in two steady states, i.e., it must have 
bistability. 
 
1.2. The Belousov-Zhabotinsky (BZ) Reaction: Models and Mechanisms 
                    An acidic bromate solution can oxidize various organic compounds, and 
the reaction is catalyzed by chemical species like cerous and manganous ions 
that can generate 1-equivalent oxidants with quite positive reduction potentials. 
Belousov20 first observed oscillations in [Ce(IV)]/ [Ce(III)] with such a system, 
and Zhabotinsky made extensive studies of both temporal and spatial 
oscillations36,37,22. This system is by far the most studied and best understood of 
any chemical oscillator. The main features of the mechanism of BZ reaction 
were elucidated by Field, Koros, and Noyes (FKN)27. The reaction can be 
discussed under the following headings: 
    
 1.2.1.   Oregonator: The Model of Temporal Chemical Oscillator 
                     The Oregonator model of five irreversible chemical steps shows how a 
chemical system might oscillate. The model was developed to describe the 
mechanism of the cerium ion catalyzed oxidation of malonic acid by bromate,27 
and also illustrates principles that are applicable to the other systems. Noyes 
and his coworkers elucidated the mechanism of BZ reaction in the University 
of Oregon (U.S.A), hence the name Oregonator. This model has been 
extremely successful over the years in providing a semi-quantitative 
description38 of the varied non-linear behaviour of the reaction. The model 
consists of following steps:- 
   A  +  Y    →    X                              (a)  
  X  +  Y    →    P                                     (b) 
  B  +  X    →    2X  +  Z                               (c)    
  X  +  X    →    Q              (d) 
  Z    →    f Y                                           (e)       
           Because all of the steps are irreversible, the free energy of the model system is 
indefinitely far removed from its equilibrium value. Species A and B are 
irreversibly consumed, and P and Q are irreversibly produced. A stoichiometric 
factor is denoted by f. The species X, Y, and Z are both consumed and 
produced, and their concentrations may oscillate depending upon the relative 
rate of consumption and production. The differential equations describing their 
dynamic behavior are given below: 
 
   ୢ[ଡ଼]
ୢ୲
   =  [X] = k1[A][Y] - k2[X][Y] + k3[B][X] -  2k4[X]2                     (f) 
  ୢ[ଢ଼]
ୢ୲
  =  [Y] = -k1[A][Y] - k 2[X][Y] + f k5[Z]                                    (g) 
  ୢ[୞]
ୢ୲
  =  [Z] = k3[B][X] - k5[Z]                                                            (h) 
 
          From these equations it is clear that X is formed by steps that are zero order (a) 
and first order (c) in its concentration and is destroyed by steps that are first 
order (b) and second order (d). Also, [Z] has no direct effect on the rates of any 
process forming or destroying X (f). The model is particularly tractable if the 
reactions destroying X are sufficiently rapid that [X] is always much smaller 
than the concentrations of the other species and can be considered to be in a 
steady state. Then the right hand side of equation (f) can be set equal to zero, 
and to the validity of the steady-state approximation the resulting equation (i) 
couples [X] to [A], [B], and [Y].  
                      [ܺ]௖௢௨௣௟௘ௗ   = ݇ଷ[ܤ] − ݇ଶ[ܻ] + {(݇ଷ[ܤ] −  ݇ଶ[ܻ])ଶ +  8݇ଵ݇ସ[ܣ][ܻ]}ଵ/ଶ4݇ସ       (i) 
                                                                                                                                                                                                                                             
 
           Two special cases may arise: 
i) when [Y] is large, step (d) and perhaps step (c) can also be neglected 
as compared to step (a) and (b). Then, if  [X] is small, equation (i) is 
reduced to  
 
              [X]small    =    
୩₁[୅][௒]
୩₂[ଢ଼]ି ୩₃[୆]      →          ୩₁[୅]୩₂                     (j) 
 
 
                    ii)  when [Y] is small, step (a) and perhaps step (b) can be neglected as 
compared to 
                        (c) and (d).  
        The steady state is then described by equation (k) for    [X]large  
 
    [X]large   =   
௞₃[୆]ି ୩₂[ଢ଼]
ଶ୩₄
        →        ୩₃[୆]
ଶ୩₄
                  (k) 
 
        Whenever [Y] passes through [Y]critical, where k2[X][Y] = k3[B][X], the 
autocatalytic nature of step (c) guarantees that [X] switches very rapidly 
between the regions of validity of the two approximations. The Oregonator is 
therefore, referred as a “switching” mechanism of chemical oscillation. 
 
    [Y]critical   =   ݇₃[ܤ]/ ݇₂                                                               (l) 
 
          If [X] is indeed much smaller than the concentrations of other species, it can be 
ignored when net chemical change is considered. Although steps forming and 
destroying X can be paired in four different ways39 the most appropriate 
combinations are probably (a) + (b) and 2(c) + (d) as suggested by 
approximations leading to eq. (j) and (k). These combinations generate the 
stoichiometries of (m) and (n), respectively. 
                                  A   +   2Y   →    P                                                                     (m)                               
                                 2B    →    2Z + Q                                                                       (n) 
          Process (m) is dominant at [Y] > [Y]critical and process (n) is dominant at [Y] < 
[Y]critical. If the rate constants are such that [Y] and [Z] are always much smaller 
than [A] and [B], (m) and (n) can be combined with (e) to generate a net 
chemical change in terms of A, B,P and Q only40. It is always possible to define 
a mathematical steady state by setting the derivatives in eq. (f) – (h) equal to 
 zero. In this case [X], [Y], and [Z] couple to the slowly decreasing reactant 
concentrations, [A] and [B]. For many values of the rate constants, precisely 
this steady state is attained, and the reaction proceeds smoothly in the way 
generally familiar to chemists. However process (m) destroys Y, process (n) 
produces Z, and step (e) converts Z to Y. It is conceivable that the smooth 
steady-state reaction might be unstable with respect to a sequential process in 
which [Y] and [Z] pass through repetitive maxima and minima.  
1.2.2. The FKN Mechanism:    
                   The mechanism of the BZ reaction was elucidated in 1972 by Field, 
Körös, and Noyes27 (FKN). The FKN mechanism is widely regarded as correct 
in its major features to describe this reaction. In 1974, Field and Noyes proposed 
a five-step, three-variable reduction of the FKN mechanism called the 
Oregonator29,41 (section 1.2.1). The basic features of the FKN mechanism are 
outlined below:- 
         PROCESS A 
              BrO3- + Br - + 2H +↔ HBrO2 + HOBr                                                        (a1) 
              HBrO2 + Br - + H + ↔ 2HOBr                                                                     (a2) 
              HOBr + Br - + H +↔ Br2 + H2O                                                 (a3) 
 
PROCESS B 
              BrO3-  +  HBrO2 + H + ↔ 2BrO2. + H2O                                                   (b1) 
              BrO2. + M (red) + H + ↔ HBrO2 + M (oxd)                                              (b2) 
          2HBrO2 ↔ HOBr + BrO3- + H +                                                    (b3) 
 
PROCESS C 
 M(oxd)  + MA + BrMA → M(red) + fBr - + organic oxidation products, e.g. 
HCOOH, CO2, etc.                                                                                        (c)                                                                                                                         
                                                                                                                                                          
        Oscillations in the BZ reaction can be conveniently described in terms of the 
above three composite processes, A, B, and C. Bromide is slowly oxidized by 
bromate in reaction (a1) when its concentration is high. The products of this step 
 rapidly undergo further reactions with bromide in steps (a2) and (a3) to yield 
bromine. The net reaction for process A is given by (a1)+ (a2) + 3(a3): 
 
               BrO3- + 5Br - +  6H + →  3Br2  +  3H2O.                                      (Process A)  
                                                 
         As bromide is consumed in process A, it eventually reaches a critical 
concentration where the rate of its oxidation by HBrO2 in reaction (a2) is 
comparable to the rate of HBrO2 oxidation by bromate ion in reaction (b1).The 
BrO2. product of reaction (b1) is rapidly reduced in reaction (b2) to generate 
HBrO2, and the result is the autocatalytic sequence given by (b1) + 2(b2): 
 
        BrO3- + HBrO2 + M(red.) + 3H + → 2HBrO2 + M(oxd.) + H2O.                (b2´) 
 
Thus, the quadratic autocatalysis is initiated when the production of bromous 
acid in the reaction (b2´) is comparable in rate to its consumption in reaction 
(a2). Bromous acid concentration increases autocatalytically with a concurrent 
oxidation of the catalyst. Bromide is rapidly driven to very low concentrations 
by its reaction with bromous acid and the rate of process A becomes negligible. 
As HBrO2 concentration increases, its autocatalytic growth is eventually limited 
by the bimolecular disproportionation reaction(b3). The net reaction of process 
B is given by 2(b1) + 4(b2) + (b3):- 
 
BrO3- + M(red.) + 5H +   →   HOBr + M(oxd.) +  2H2O.                   (Process B) 
 
The bromine product of process A reacts with malonic acid (CH2(COOH)2) to 
generate bromomalonic acid (BrMA), i.e.,  
 
Br2 + MA   →   BrMA (or BrCH(COOH)2) + Br -  +  H+ 
 
The product HOBr of process B may brominate MA directly or react with 
bromide supplied later in the cycle to yield bromine, thereby also generating 
BrMA. This supply of BrMA is attacked by the oxidized catalyst, M(oxd.) to 
 liberate bromide according to the composite reaction C. Process C is complex 
and not well understood. However, the net effect is the reduction of the catalyst 
and the regeneration of bromide. A general feature of reaction C is that f is a 
stoichiometric factor determining the moles of bromide generated per mole of 
catalyst reduced. Thus, following the rapid autocatalytic growth of HBrO2 and 
concurrent oxidation of M(red.), bromide is generated by the M(oxd.) catalysed 
oxidation of BrMA. The bromide concentration increases to a critical value 
where it competes for HBrO2 in reaction (a2), and the control of the system is 
switched from process B to process A. Bromide is again slowly consumed in 
process A and the sequence is repeated. The switch from process A to process B 
occurs when reaction rates (a2) and (b1) are roughly equal. As the bromate 
concentration remains virtually constant during a given oscillation, the switch to 
autocatalysis occurs when the bromide concentration has been reduced by 
process A to the critical bromide ion concentration [Br-]crit.27,42 given by:- 
 
                              kA2[HBrO2][Br-][H+]  =  kB1[BrO3-][HBrO2][H+] 
 
                              [Br-]crit. = (kB1 / kA2) [BrO3-] 
 
           With a reasonable FKN mechanism and the appropriate values for the 
reaction rate constants42, it should be possible not only to match individual 
experimental observations but also to predict more experimental conditions. For 
this, it is especially convenient to use the Oregonator model derived from the 
FKN scheme. The above discussion shows that the Oregonator does indeed 
model the essential features of the chemical reaction mechanism, although 
chemistry presented here is much oversimplified43.  
  The essential feature of FKN mechanism is that oscillations are due to 
interplay of a positive and a delayed negative feedback loop. The positive 
feedback is the autocatalytic bromous acid and bromine dioxide production in 
the course of the oxidation of M(red.) to M(oxd.) by acidic bromate. The first 
step in the negative feedback is the bromide ion generation by M(oxd.) in a 
reaction with bromomalonic acid. Bromide ion then reacts rapidly with bromous 
 acid which is an autocatalytic intermediate. In this way bromide ion controls 
switching between an oxidized and a reduced state. The FKN mechanism is, 
thus, referred to as bromide controlled. The mechanism was generally accepted 
and its simplified version, the Oregonator, was applied successfully to model 
oscillations and other nonlinear phenomena in the BZ reaction. 
 
1.2.3.   Non-Bromide and Radical Control:  The Expansion of FKN mechanism 
                There has been some controversy concerning the identity of control 
intermediate in the BZ reaction. Perhaps the most difficult bromate driven 
oscillators to rationalize within FKN framework are those that show oscillations 
in color and/ or redox potential but not in [Br⁻]. Noszticzius44,45  added Ag⁺ to an 
oscillating BZ reaction and found that small amplitude, high frequency 
oscillations persist even under conditions when [Br⁻], as calculated from 
solubility product of AgBr is low to control the oscillations. An induction period 
is necessary after the Ag⁺ is consumed before normal oscillations resume, 
presumably, this is because Ag⁺ converts most organically bound Br⁻ to AgBr. 
He referred to these oscillations as “non-bromide contolled” (NBC).  
  Koros et al.46 in 1981 reported that NBC oscillations appear when Ag⁺ is 
added to the heterogeneous oxalic acid oscillator and to uncatalyzed oscillators. 
Thus, the phenomenon is quite general and not specific to a particular organic 
material. Similar results were obtained (Koros et al. 1981; Koros and Varga 
1982) on  addition of the bromocomplex- forming ions like Hg²⁺ and Tl³⁺. There 
is a period of slow, monotonic change in redox potential as well as [Br⁻] after 
the metal ion addition but before appearance of NBC oscillations. the system 
was in high [CeIV]/[CeIII] state during this period as expected. The amplitude 
and period of the NBC oscillations are both less than in unperturbed systems. 
Even Field47 has pointed out that ‘non-bromide controlled oscillations are the 
most difficult ones to rationalize within the framework of FKN mechanism’. 
Ruoff48 observed that Field and Noyes predicted49 excibility of reduced steady 
state when Ag⁺ ion solution was added to the BZ system. When oxygen is 
bubbled into an oscillatory BZ reaction with high malonic acid concentration, an 
excitable reduced steady state is created. Continuous addition of AgNO3, results 
 in high frequency oscillations where frequency increases with increasing 
addition rate of AgNO3 50-53. Simulation of the amplitude behavior in the Ag⁺ 
perturbed excitable BZ reaction52 leads to the conclusion that platinum electrode 
potential is composed of several contributions, i.e., CeIII/CeIV redox couple 
which dominates at low Ag⁺ concentration or flow rates and the contribution of 
HBrO2, HOBr, and BrO2 which dominate at higher Ag⁺ion rate. 
  Ganapathisubramaniam and Noyes54,55  came to the conclusion that in  
presence of excess silver ions the oscillations can be explained by a competition 
between bromine atoms and bromate ions for HBrO2. The phase response of the 
BZ reaction provides evidence of bromide-ion-control with the use of bromide 
ion detecting device56. Noszticzius et al., proposed a-bromide ion free skeleton 
model, the so called Explodator57,58, in order to provide an alternative 
description of the oscillatory BZ reaction compared with the bromide-ion –
control of FKN mechanism. However, a test between the Explodator and 
Oregonator models by means of perturbation experiments was clearly in favour 
of the Oregonator model59. Furthermore, studies of the Oregonator which has 
been extended by Br⁻ removing reactions have shown that the FKN mechanism 
is able to describe the extended features of Ag⁺-perturbed BZ system.60,61 
Traiedl and Mrakavova62 studied silver perturbed MnII/MnIII catalyzed systems 
spectrophotometrically and also concluded that Ag⁺ induced oscillations can still 
be rationalized within the FKN framework. Despite this, Noszticzius and Mc 
Cormick45 insisted on the original interpretation of the experiment and on the 
concept of non-bromide-controlled oscillations. Spectrophotometric studies of 
AgBr precipitate formation by Kshirsagar et al.,63 and reviews by Noyes et al.,64 
and Ruoff et al,.56 concluded that silver ion oscillations are still controlled by 
free or slightly complexed bromide ions much as classical54 BZ reaction. 
          NBC oscillations began a controversy concerning the existence of 
another control intermediate. Molecular bromine , Br⁻, and the malonyl 
radical(MA·) have been suggested as alternate control intermediates, but Br2 
was quickly eliminated65. The malonyl radical is expected to be an important 
intermediate in the FKN mechanism. Brusa et al.,66 pointed out that MA· could 
replace Br⁻ in the negative feedback loop. This suggestion resulted from an ESR 
 study of the formation and self decay of MA· generated by the reaction of 
Ce(IV) with MA in 2M HClO4. They also investigated the reaction of MA· with 
BrO3⁻. In 1989 Fosterling and Noszticzius67 carried out a detailed investigation 
of the reactions of MA· with several BZ oxybromine intermediates in 1M H2SO4 
(the usual BZ medium) and found that MA· reacts with BrO2· at a diffusion- 
controlled rate. Thus they  claim that MA· is indeed a second controling 
intermediate as BrO2· is involved in the autocatalytic BrO3⁻-HBrO2 reaction. 
They also pointed out that this claim is not tenable if the products of reaction are 
HBrO2 and CHOH(COOH)2 as this is analogous to reaction between Ce(III) and 
BrO2 ͘. Other support for MA· comes from Fosterling et al.,68 who found that in 
3M H2SO4 and at a very high [MA]0/[BrO3⁻]0 the potential of a Br⁻ ion selsctive 
electrode oscillates in a range characteristic of HOBr rather than that of Br⁻. 
They also found that dissolved O2 may inhibit the oscillations, presumably 
because MA· is removed by O2 rather than by BrO2·, thus concluded that 
oscillations are not Br⁻ controlled, and suggested a model, called “Radicalator”, 
in which MA· is control intermediate. They later modified69 the model, allowing 
the MBrO2 formed from MA· and BrO2· to decompose by two different routes, 
one leading to HBrO2 and CHOH(COOH)2 and the other leading to HOBr, 
HCOCOOH, and CO2. The probabilities of these two routes were inferred to be 
equal on the basis of fitting experimental data. This modified Radicalator nicely 
simulates some phenomena found during the induction period in 1M H2SO4 
medium but completely fails to simulate anything after the induction period, 
indicating that Br⁻ control can not be completely replaced by MA· control. They 
concluded that the Radicalator describes a second negative feedback loop that 
is always present but not always important.            
  From the above discussion it is clear that FKN mechanism needs to be 
expanded to include the latest experimental findings. This mechanism treates the 
oxybromine chemistry in some detail but lumps the organic part together in a 
single reaction. Experimental work of Noszticzius et al.,70 and calculations of 
Tyson71 indicated that some of the original FKN oxybromine rate constants must 
be in error, and the same was confirmed by the experiments of Ariese and 
 Ungvaral-Nagy72. The abstraction of H atoms by various radicals has not been 
extensively investigated in aqueous solution. These and many experimental 
findinges are yet to be answered completely. The organic subset is treated in 
some more detail by GTF mechanism. 
     
1.2.4.   The Györgyi–Turányi–Field (GTF) Model: A Comprehensive Mechanism 
          The only previous model of the BZ reaction dealing in any detail with 
the elementary reactions of the BZ organic chemistry was constructed by 
Edelson et al.73. This model successfully simulated oscillatory behavior but used 
the original FKN rate constant values for the inorganic subset. However, it 
reflects the lack of detailed information.  L. Györgyi, T. Turányi and R. J. Field 
(GTF)74,75 proposed a more general and comprehensive mechanism in 1990 and 
1993, catering all the aspects; organic, inorganic and radical reactions of BZ 
reaction. It was an important breakthrough from the mechanistic point of view. 
The mechanism consists of 80 reaction steps. This mechanism aimed to 
incorporate all the experimental information available at that time. Organic 
reaction subset of BZ reaction was studied in more detail. Free radicals also play 
an important role in this mechanism but GTF assumed that organic free radicals, 
when react with each other, disproportionate rather than recombine. It would be 
desirable, but impractical in the immediate future, to experimentally test all the 
proposed organic chemistry in the GTF model. The free radical reactions that 
are of immediate interest determine the stoichiometry of bromide production 
from the oxidation of bromomalonic acid by Ce4+. The stoichiometry is 
important because bromide ion is important as the major controling species in 
the BZ system. The primary reactions determining the Ce4+ /BrCH(COOH)2 /Br‾  
stoichiometry in the GTF model are: 
 
       Ce4+ + CH2(COOH)2  →   Ce3+ + ˙CH(COOH)2 + H+      (1.24a) 
         Ce4+ + BrCH(COOH)2  →   Ce3+ + ˙CBr(COOH)2 + H+      (1.24b) 
         2˙CH(COOH)2 + H2O  →   ˙CH(COOH)2 + TTA       (1.24c) 
         2BrCH(COOH)2 + H2O  →   BrCH(COOH)2 + BrTTA       (1.24d) 
         ˙CBr(COOH)2 + ˙CH(COOH)2 + H2O  →   CH2(COOH)2 + BrTTA     (1.24e) 
          ˙CBr(COOH)2 + Ce4+ + H2O  →   Ce3+ + BrTTA + H+          (1.24f) 
         ˙CH(COOH)2 + BrCH(COOH)2   →  CH2(COOH)2 + ˙CBr(COOH)2   (1.24g) 
         ˙CBr(COOH)2 + CH2(COOH)2   →  BrCH(COOH)2 + ˙CH(COOH)2    (1.24h) 
         BrTTA   →  Br‾ + MOA + H+                 (1.24i) 
 
The full form of the above mentioned abbreviations are as follows: 
        CH2(COOH)2, malonic acid; CHBr(COOH)2, bromomalonic acid; BrTTA, 
bromotartaric acid; MOA, mesoxalic acid; ˙CH(COOH)2, malonyl radical; 
˙CBr(COOH)2, bromomalonyl radical. 
        The reaction (1.24c) shows radical disproportionation while as reactions (1.24g) 
and (1.24h) are radical transfer reactions. The later reactions are important 
because of strengthening the negative feedback via bromide ion. The reaction 
(1.24g) is the vital step of the mechanism as no oscillations can be observed 
without it. However, Forsterling and Stuk76,7, found by EPR measurements that 
this reaction is probably unimportant. In their second paper78 GTF added the 
hydrolysis reaction (Reaction 1.24j) of bromomalonyl radical to their reaction 
model: 
         ˙CBr(COOH)2 + H2O   →  TTA + Br‾  (1.24j) 
to explain these EPR results of Forsterling and Stuk79. 
An additional source of bromide ions in the GTF mechanism is the reduction of 
bromomalonic acid by carboxyl radicals (Reaction 1.24k): 
          BrCH(COOH)2 + ˙COOH  →   Br‾ + ˙CH(COOH)2 + CO2 + H+ (1.24k) 
However this model failed to oscillate bromomalonic acid, when used as initial 
substrate, in a parameter range where oscillations are observed experimentally 
while as it reproduces Ce4+ oscillations with high fidelity, when used as initial 
substrate.  
1.2.5 Uncatalyzed Bromate Oscillators: The OKN Mechanism 
            Prior to the discovery of the inorganic bromate oscillations, the most 
significant advancement in the BZ reaction was the discovery by Orban and 
Koros regarding batch oscillations in systems containing bromate and any of the 
variety of aniline or phenol derivatives80-83 without the presence of redox 
catalyst. Even the oscillations in redox potential were observed by Babu and 
 Srinivasulu in 1976 during oxidation of gallic acid by bromate in presence of Co 
ion solution. Such oscillations were unexpected as bromate does not have the 
potential to oxidize uncomplexed Co(II) to Co(III) . Koros and Orban found that 
Br⁻ controlled oscillations occurred even in absence of Cobalt ion. A similar 
uncatalyzed oscillator with p-diethylaminobenzenediazonium tetrafluoroborate 
was reported a year earlier by Kuhnert and Linde82. Orban and Koros listed 23 
phenol and aniline derivatives that show uncatalyzed oscillations. Essentially all 
substrates reported by other authors are similar aromatic compounds except for 
the 1,4-cyclohexadione system used by Farage and Janjic84,85. Chopin-Dumas 
and Rechetti86 related the anodic oxidation properties of various aromatics to the 
appearance of oscillations. Those that give oscillations are usually easily 
oxidized and yield unstable radicals that dimerise rather than undergoing further 
oxidation. As expected, ordinary BZ catalysts such as Fe(phen)3²⁺, Ru(bpy)3²⁺, 
Ce(III) or Mn(II)  perturb the uncatalysed oscillations87. Orban and Koros in 
1979 have investigated the phenol-BrO3⁻ system in substantial detail using 
HPLC coupled with various identification methods. There is an induction period 
during which all the phenol is converted to various brominated materials and 
quinines. In general many fewer oscillations appear in uncatalyzed than in 
catalyzed systems. Oscillations stop when all brominated species have been 
consumed, i.e., when all the phenol has been converted to quinines and 
tribromrophenol. There is usually substantial bromate left at this point. 
Oscillations can be restarted if Ce or Mn ions are added87 after uncatalyzed 
oscillations cease. Apparently, species necessary for the catalysed oscillations 
continue to be consumed even after the uncatalyzed oscillations stop, and later 
addition of these catalysts does not restart oscillations. The common features of 
the aromatic compounds showing uncatalysed oscillations is that all contain 
hydrogen attached to oxygen and nitrogen whose abstraction would generate a 
resonance stablized free radical. All have at least one ortho position subject to 
bromination by Br2 or HOBr. All have OH or NH2 substituents and have at least 
one free ortho or para position so that oxidation would generate quinine or 
quinine imine structures. Investigations conducted to date have revealed very 
diverse behavior of different reacting systems88. Thus, various quinines, 
 brominated derivatives, and oxidatively coupled products, have been observed. 
However, these uncatalyzed oscillating reactions are all controlled by bromide 
ion, and the critical bromide concentration is close to that observed during 
catalysis by metal ions89. 
           The detailed mechanism of uncatalyzed systems was elucidated by 
Orban, Koros, and Noyes (OKN), the skeleton of which for polyphenolic 
compounds is given here:- 
 
             BrO3⁻  +  Br⁻  +  2H⁺    ↔    HBrO2  +  HOBr                                    (1.25a) 
       HBrO2  +  Br⁻  +  H⁺    →    2HOBr                                                        (1.25b) 
             BrO3⁻  +  HBrO2  +  H⁺    ↔    2BrO2·  +  H2O                                       (1.25c) 
             BrO2·  +  HAr(OH)2    →    HBrO2  +  HAr(OH)O·                                (1.25d) 
             2HBrO2    →    BrO3⁻  +  HOBr  +  H⁺                                                    (1.25e) 
             HOBr  +  HAr(OH)O·    ↔    Br·  +  HArO2  +  H2O                              (1.25f) 
             Br·  +  HAr(OH)O·    →    Br⁻  +  HArO2  +  H⁺                                     (1.25g)  
    HOBr  +  Br⁻  +  H⁺    ↔    Br2  +  H2O                                                  (1.25h) 
    Br2  +  HAr(OH)2    →    BrAr(OH)2  +  Br⁻  +  H⁺                                (1.25i)  
    HOBr  +  HAr(OH)2    →    BrAr(OH)2  +  H2O                                   (1.25j) 
            
Steps 1.25a to 1.25e involve inorganic chemistry identical with that of metal-ion 
catalyzed bromate oscillations90 except the organic substrate replaces reduced 
metal ion for the 1-equivalent reduction of the BrO2· radical in step (1.25d). If 
system contains sufficient bromide ion, net reaction (A) is generated by the steps 
(1.25a) + (1.25b). 
             BrO3⁻   +  2Br⁻  +  3H⁺   →   3HOBr                                                          (A) 
If the concentration of bromide ion is sufficiently large, the autocatalytic growth 
of HBrO2 will occur, resulting in rapid consumption of residual Br⁻, and the net 
process (B) is generated by the sequence 2(1.25c) + 4(1.25d) + (1.25e). 
           BrO3⁻  +  4HAr(OH)2  +  H⁺    →    HOBr  +  4HAr(OH)O·  +  2H2O  (B)  
Process (A) and (B) generate the unstable species HOBr and HAr(OH)O· which 
react further rather than accumulating. HAr(OH)O· is partly consumed in 
coupling reaction. Studies of catalysed oscillations91,92 indicate that system will 
 be particularly sensitive to oscillations if the products of reaction (B) generate 
exactly two bromide ions. The sequence (1.25f) + (1.25g) generates precisely 
this stoichiometry (C). 
             HOBr  +  2HAr(OH)O·    →    Br⁻  +  2HArO2  +  H⁺  +  H2O                   (C)               
The standard reduction potential of HOBr to Br· is 0.70V 93, almost exactly 
equal to that for 2-equivalent reduction of quinine to dihydroxybenzene. 
Presumably step (1.25f) takes place by electron transfer to the protonated 
species H2OBr⁺. The organic species undergo facile electron transfer. In 
catalyzed oscillations, the remaining HOBr is removed by bromination of 
enolizable species like malonic acid. Bromination of phenols and anilines is also 
well established.  
             HOBr  + HAr(OH)2   →    BrAr(OH)2  +   H2O                                         (D) 
The overall stoichiometry of the OKN reaction mechanism is given by step (E) 
           3BrO3⁻ + 6HAr(OH)2 + 2H⁺   →  2BrAr(OH)2 + 4HArO2 + 6H2O            (E) 
It is the free energy change of this process which drives the oscillations. 
Although the above skeleton mechanism is sufficient to account for the 
oscillations, the details will depend upon the organic substrate. With minor 
modifications, this can provide a basis for qualitative modeling of all the 
uncatalyzed oscillator systems observed to date81,88,94,95 . It is also noted that 
there is no major difference between uncatalyzed oscillators and the metal ion 
catalyzed ones.  
1.2.6.   Modifications of BZ reaction   
                     Many variants of BZ reaction have been studied using substitutions of 
the various reagents of BZ recipe. Bromate appears to be an essential 
component in any Belousov-Zhabotinsky system and there is no substitute for 
it. However, a number of experiments have been carried out in which 
substitutions were made for metal ion catalyst, inorganic acid, or organic 
substrate. These substitutions, especially in organic substrate, lead to very 
peculiar results. Some of these can be explained within the framework of FKN 
mechanism while others may fall in an entirely new class. 
  
1.2.6a.   Substitution of Metal-ion Catalyst:  
                       If a catalyst is to operate in a manner closely approximating the FKN 
mechanism, it must have two stable oxidation states separated by a single 
electron and have a reduction potential roughly between 1.0 and 1.5 V/equiv. 
Metal ions and metal ion complexes meeting these criteria include Ce(III), 
Mn(II), Fe(phen)3²⁺, Fe(bpy)3²⁺, Ru(phen)3²⁺, Ru(bpy)3²⁺ 96, and possibly 
Cr(bpy)2²⁺, Co(phen)3²⁺, and Co(bpy)3²⁺  97,98. Catalysis by vanadium ion would 
seem to be a possibility99. However, the reaction of V5+ with malonic acid is 
very slow100 and oscillations are only possible in a mixed catalyst system 
containing another catalyst such as Ce(III) to reduce V5+. There are differences 
in the behavior of oscillators using various catalysts. For example Fe(phen)3²⁺ 
and Ru(bpy)3²⁺ catalysed systems do not always show an induction period96 and 
Fe(phen)3²⁺ is most effective in the travelling wave experiment. There are 
differences in the behavior of metal ion and metal-ion-complex catalyzed BZ 
oscillators101,102. These apparently result from differences in the oxidation of 
organic substrate, but the details are not yet clear. Oscillations have been 
obtained in the systems containing complexes of Cu and Ni103 as well as Os98 
and Ag104. The oscillations in these systems are of small amplitude and show 
other characteristics similar to NBC systems. It is not yet clear to what extent 
kinetic as well as thermodynamic factors contribute to determining catalyst 
efficacy. Much detailed kinetic work remains to be done before these most 
interesting systems are understood. 
 
 1.2.6b.    Substitution of Organic Substrate:  
           Many organic substrates have been used in place of malonic acid in of 
BZ reactions. Kasperek and Bruice105 listed a number of organic acids that did 
and did not generate oscillations in their hands, and the mechanism in these 
cases is apparently similar to that  with malonic acid. Some organic substrates 
lead to reactions so different from that with malonic acid that they were 
discussed as major modifications. Use of unsaturated dicarboxylic acids106,107  as 
the organic substrates have the advantage that no CO2 is generated, which 
hinders the oscillations. Most interesting results have been obtained with 
ketones and diketones. Ketones such as cyclohexanone, butanone, and 3-
 pentanone give oscillations in cerium catalyzed systems108. One peculiarity of 
ketone substrates is that their bromoderivatives do not react with Ce(IV) to 
liberate Br⁻ and hence cannot be explained by classic FKN mechanism. Nadeem 
et al109 have used ketones as co-substrates with resorcinol as the main BZ 
substrate. Lone et al.110 studied oscillatory behaviour of BZ reaction with the 
mixed substrate systems containing the gallic acid and different methyl ketones 
(acetone, butanone, pentanone) at different temperatures in sulphuric acid 
medium. An important aspect of the BZ organic substrates is the use of 
polyphenols and polyanilines. Orban and Koros have reported a good wealth of 
dynamic phenomena in polyphenols and polyanilines even in the absence of a 
metal-ion catalyst, and proposed a bromide ion-controlled radical-based 
mechanism111. In the present investigation we report oscillating chemical system 
with catechol as organic substrate in a batch reactor under unstirred conditions 
with Mn(II) as  catalyst. These aromatic substrates are especially important in 
the study of spatial periodicities and show a variety of spiral and scroll 
behaviors. Salter and Sheppard112 reported a dual-frequency oscillator with ethyl 
acetoacetate as substrate. Its behavior is much like the malonic acid system 
except that a set of high frequency, negatively damped oscillations in both redox 
potential and bromide ion is super imposed on early part of the induction period. 
YANG et al113 have used ninhydrin as a single substrate in a novel oscillating 
chemical reaction. It distinguished from the classically catalyzed BZ oscillating 
chemical reaction as there was no active methene ( CH2) and/or enol structure in 
the ninhydrin molecule, which served as single organic substrate. This suggested 
that the substrates used in catalyzed BZ reaction were not always the organic 
compounds containing active methene  ( CH2) and/or enol structure and 
bromination process in this kind of catalyzed chemical oscillating reaction was 
not also necessary.  Although specific requirements are not entirely clear, a 
satisfactory organic substrate should be easily brominated, and the resulting 
bromo compound should react with the oxidized form of the catalyst with 
liberation of bromide ion. 
 
1.2.6c.   Substitution of Inorganic Acid Medium: 
                      The BZ reaction requires a strong acid medium, and H2SO4 has been 
widely used. Substitution of inorganic acid is easiest to deal with. Cerium ion 
catalyzed systems are most sensitive to such substitutions, as it is only in about 
1M H2SO4 that bromate has the potential to oxidize Ce(III) to Ce(IV)114. The 
manganese containing system has been run in H3PO4115, HNO3116 and HClO4117. 
We have run catechol-based BZ system in different aqueous media. Koros118 
reported that nitric acid can be substituted for sulfuric acid and that the 
frequency of oscillations is thereby increased; nitrogen oxide may be involved 
with this enhanced behavior. Even the weaker acid H3PO4 can generate 
oscillations119. Of course HCl is also a strong acid, but it is unsatisfactory 
because chloride ion inhibits the oscillations; Jacobs and Epstein120 have 
elucidated the mechanism of that inhibition.  
 
1.3.   The Bray-Liebhafsky (BL) Reaction  
                     Over 50 years ago, Bray121 concluded from thermodynamic 
considerations that the iodate-iodine couple should be almost ideal to catalyze 
the decomposition of hydrogen peroxide. He found the anticipated catalysis but 
also discovered that it was not always smooth and that bursts with oxygen 
evolution were sometimes accompanied by alternating destruction and 
formation of iodine. Spectrophotometric measurements of iodine can be coupled 
with potentiometric measurements of iodide and of oxygen122. The reaction was 
studied extensively by Liebhafsky123,124 at two widely separated periods during 
his career, and the mechanism has now been elucidated by Sharma and Noyes125. 
Thermodynamic considerations indicate that reactions Bi and Bii as given below 
are both almost irreversible. 
 
         2IO3⁻ + 5H2O2 + 2H⁺   →   I2 + 5O2   + 6H2O                              (1.3a) 
  I2 + 5H2O2   →    2IO3⁻ + 2H⁺  + 6H2O                                         (1.3b) 
  IO3⁻ + I⁻ + 2H⁺    →    HIO2   + HOI                                              (1.3c) 
  HIO2 + I⁻ + H⁺    →    2HOI                                                         (1.3d) 
  HOI + H2O2    →    I⁻ + O2 + H⁺ +   H2O                                       (1.3e) 
 
 The steps (1.3c), (1.3d) and (1.3e) exhibit obvious similarities to the analogous 
of process A of FKN mechanism (section1.2.2) except that step (1.3e) 
regenerates the iodide ion consumed in steps (1.3c) and (1.3d). If these steps are 
combined with the reversible hydrolysis of elementary iodine, the stoichiometry 
of process (1.3a) can be generated. Process (1.3a) results from direct 2-
equivalent oxidation of a hydrogen peroxide molecule. Although iodide ion is 
also thermodynamically capable of reducing hydrogen peroxide by a 2-
equivalent process, the reaction is too slow to be significant in this system. On 
the other hand, thermodynamic considerations indicate that the radicals I· and IOଶ. are incapable of oxidizing hydrogen peroxide by hydrogen atom abstraction 
but are capable of reducing it with hydroxyl radical formation. It therefore 
appears that process (1.3b) is at least partly radical in nature. 
        The situation is further complicated because HOI will not be oxidized by a direct 
1-equivalent radical reaction. A mechanism that seems to be consistent with 
everything that is known about the system and its component parts is given by 
steps (1.3f) to (1.3m).  
 
  IO3⁻  +  HIO2  +  H⁺    →     2IO2  +  H2O                                            (1.3f)   
  IO3⁻  +  H2O2    →    IO3⁻  +  H⁺  +  OH⁻                                                 (1.3g) 
  OH⁻  +  H2O2    →    H2O  +  HO2                                                      (1.3h) 
  HO2  +  I2    →    I⁻  +  I  +  O2  +  H⁺                                                       (1.3i) 
  I·  +  O2     ↔       IOO·                                                                       (1.3j) 
  IOO·  +  I⁻   +   H⁺    →    HOI  +  IO·                                                (1.3k) 
  IO·  +  H2O2    →    HIO2  +  OH                                                         (1.3l) 
  2HIO2    →    IO3⁻  +  HOI  +  H⁺                                                             (1.3m) 
 
The sequence (1.3f) + 2(1.3g) consumes one HIO2 while producing two OH· 
radicals. The sequence (1.3h) to (1.3l) is a hydroxyl radical catalyzed oxidation 
of iodine. Of course, the IOO· peroxy radical is a different species from the IO2· 
radical derived from iodic or iodous acid. Whenever the average chain length 
exceeds 0.5, occurrence of step (1.3f)   initiates autocatalytic generation of 
 HIO2. Autocatalysis does not lead to indefinite build up of [HIO2] because of 
higher order step (1.3m). The simple Oregonator model is not strictly applicable 
to the Bray reaction, but many features are still valid. Edelson126 has attempted 
to model the experimental observations by means of the proposed mechanism. 
 
1.4. The Briggs-Rauscher (BR) Reaction  
  The Briggs-Rauscher reaction was developed by Thomas S. Briggs and 
Warren C. Rauscher of Galileo High School in San Francisco127.  The discovery 
of oscillations prompted Liebhafsky to study this reaction before 1933 and after 
1969128, when he retired as industrial chemist, but few others paid much 
attention to this reaction until after the discovery of the BZ reaction.  It is 
perhaps the most visually impressive of the chemical oscillators. A stirred batch 
of solution goes through 15 or more cycles from colorless, to amber, to blue-
black, before ending as a blue-black mixture with the odor of iodine. The 
Briggs-Rauscher (BR) reaction is a hybrid of two other oscillating chemical 
reactions, the Bray-Liebhafsky (BL) reaction and the Belousov-Zhabotinsky 
(BZ) reaction. Bray was investigating the dual role of H2O2 as an oxidizing 
agent and a reducing agent when he discovered oscillations in the evolution of 
oxygen gas from the reaction mixture129. He mixed H2O2, KIO3, and H2SO4, and 
in this mixture, hydrogen peroxide reduced iodate to iodine and was oxidized to 
oxygen gas in the process. 
 
            5H2O2(aq) +  2IO3⁻(aq) + 2H⁺(aq)    →   I2(aq) + 5O2(g) + 6H2O (l)    (1.4a) 
The hydrogen peroxide also oxidizes iodine to iodate. 
 
            5H2O2(aq)  +  I2(aq)  →   2IO3⁻(aq)  +  2H⁺(aq)  +  4H2O (l)                     (1.4b) 
        The net result of these reactions is the iodate catalysed disproportionation of 
hydrogen peroxide. 
 
            2H2O2(aq)     →    O2(g)  +  2H2O(l)                                                  (1.4c) 
                   
   In the BR oscillating reaction, the evolution of oxygen and carbon 
dioxide gases and the concentrations of iodine and iodide ions oscillate. Iodine 
is produced rapidly when the concentration of iodide ions is low. As the 
concentration of iodine in the solution increases, the amber color of the solution 
intensifies. The production of I⁻ increases as [I2] increases, and these ions react 
with iodine molecules and starch to form a blue-black complex containing the 
pentaiodide ion (I5⁻)130. Most of the O2 and CO2 is produced during the 
formation of I2. The [I2] reaches a maximum and begins to fall, although [I⁻] 
rises further and remains high as [I2] continues to decline until it gets cosumed. 
Then the [I⁻] suddenly falls and the cycle begins again. This cycle repeats a 
number of times until the solution ends as a deep blue mixture that liberates 
iodine vapours. The mechanism of this reaction has been studied by Cooke131-
133, Furrow and Noyes134-136 and De Kepper and Epstein137. Much of the 
proposed mechanism is a direct transfer of the mechanism of the BZ reaction to 
the iodate-hydrogen peroxide system. 
 
1.5.   Chemical Waves 
                 Propagating fronts are ubiquitous in nature. Expanding of bacterial 
colonies, advancing regions of metal corrosion, or infectious disease spreading 
through populations are the important wave phenomena found in nature. 
Propagating reaction-diffusion fronts138 found in many autocatalytic and 
oscillatory reactions, serve as ideal model systems for such processes. Fronts 
typically propagate with a constant velocity and wave form, converting reactants 
that lie ahead into products which are left behind. When reactions are 
accompanied by significant density changes, due to either heat evolution or 
differences in density of reactant and product species, convection may play an 
important role in front behavior139-143.  
  Oscillatory chemical systems, such as BZ reaction, display complex 
waves known as reaction-diffusion pulses1. When the reactant concentrations of 
an oscillatory reaction are such that the system is nonoscillatory but excitable, a 
small perturbation beyond some threshold causes the equivalent of an oscillation 
to occur. In an unstirred distributed system, the oscillation becomes a travelling 
 concentration disturbance- a propagating pulse, which moves through the steady 
state reaction mixture, returning the system to that state behind the wave. Such 
chemical systems are examples of excitable media, which play an important role 
in biological contexts such as the heart muscle144. Chemical waves in excitable 
reaction mixtures give rise to spectacular spatiotemporal patterns145,146 . In 
effectively two-dimensional media, such as thin film of solution, successive 
waves emanate from pace maker sources to form target patterns. When waves 
are broken, either mechanically or by some other means, the free ends curl up to 
form spirals, filling the medium with patterns. A BZ excitable system with 
Fe(phen)3²⁺ as catalyst, subjected to a sufficiently large initiation will support a 
single wave pulse. Ahead of the front of the wave, the mixture is in reduced 
state (red). The front is a wave of oxidation that causes an increase in [HBrO2] 
and [Mox], with a consequent decrease in [Br⁻]. Immediately after the wave, 
there is a period during which [HBrO2] falls only slowly. There is a wave back 
following some distance behind. This is a reduction wave, through which HBrO2 
and Mox are consumed, and Br is produced, returning to their pre-front 
concentrations. The wave propagates at a constant velocity and is driven by the 
diffusion of HBrO2 into the reduced state ahead of the front. There, it reduces 
the local Br concentration (process A of FKN). Once Br decreases below [Br]crit. 
the autocatalytic process (process B of FKN) leads to the local oxidation and 
production of HBrO2. The autocatalysis in BZ system gives rise to a quadratic-
type rate law. The speed, c, of such reaction-diffusion fronts is given by: 
                                ܿ = 2(ܦ݇)ଵ/ଶ                                                                 (1.5ܽ) 
 
        where D is the diffusion coefficient of the autocatalytic species and k is the 
pseudo-first-order rate constant for the autocatalytic reaction. The autocatalytic 
(process B of FKN) reaction in BZ system is given by 
 
           BrO3⁻ + HBrO2 + 2Mred + 3H⁺   →    2HBrO2 + 2Mox + H2O            (1.5b) 
The rate of the reaction is given by 
 
                                     Rate = k5[BrO3⁻][H⁺][HBrO2]                                   (1.5c) 
The appropriate form of k in eq. (1.5a) is thus  
 
                                         k = k5[BrO3⁻][H⁺]                                                       (1.5d) 
Therefore, 
                                        c = 2(Dk5[BrO3⁻][H⁺])1/2                                               (1.5e)      
 
                     The features of chemical waves in two dimensional media were first 
illustrated in the seminal papers by Zhabotinsky147-149. Winfree150 began his 
extensive studies of spiral waves at about the same time, and the first photos of 
BZ spirals were published independently by Winfree and Zhabotinsky in 1971. 
Field and Noyes151 showed that the wave propagation velocity is given by a 
Fisher-Kolmogorov152 description and related this to parameters of FKN 
mechanism. Keener and Tyson153 characterized the dispersion relation for 
successive waves, giving the dependence of velocity on period, and wave 
concentration profiles were measured by Wood and Ross154 using a linear 
photodiode array.  
  Characterization of complex spiral wave behavior has been studied by 
Winfree150 who noted that the core around which the spiral rotates may not be 
stationary and termed this behavior “meandering”. The complex behavior of 
spiral waves remained uncharacterized for more than a decade until digital 
imaging techniques, introduced by Muller, Plesser, and Hess155 allowed 
precision measurements of the spiral core. A number of subsequent 
investigations showed that, depending on the “excitability” of the medium, the 
tip of the spiral may trace out a simple circular path or a variety of intricate 
“flower” pattern156. In homogeneous media, such as solutions of the BZ 
reaction, spiral waves do not appear spontaneously but must be deliberately 
created, typically by either physically or chemically inducing wave breaks147,150 
Spirals may also appear with special initial conditions such as cross-field 
stimulation157 or wave initiation in the vulnerable refractory region of a 
preceding wave.158  Studies of the BZ reaction with the catalyst loaded on ion 
exchange beads159 or printed on membranes in specific patterns[160] have 
 shown that interacting regions with different excitabilities give rise to the 
spontaneous appearance of spiral waves. This may occur at spontaneous wave 
initiations in the vulnerable refractory region of another wave160 as recently 
shown in studies of BZ waves on catalyst-loaded Nafion membranes161. 
 
1.6. Applications of Oscillating Chemical Reactions: the Analyte Pulse 
Perturbation Technique (APP) 
                     Oscillating chemical reactions are complex systems that have so far been 
primarily examined in physio-chemical terms with a view to elucidate the 
intricate underlying mechanisms of the oscillations. In an oscillating chemical 
reaction some species, usually reaction intermediates, exhibit fluctuations in its 
concentration which are usually periodic. These fluctuations are reflected in 
color changes, pH changes, redox potential changes, absorbance changes, etc. 
These oscillating chemical reactions present the scaled-down version of the 
complex biochemical phenomena observed in nature. The study of mechanism 
and their interpretation would help in probing into the intricate and complex 
processes in biological and a-biological systems.  
                     One of the important aspects of oscillating chemical reactions is their use 
in analytical determinations. The first paper that considered the use of 
oscillating chemical reactions for analytical monitoring was published by 
Tikhonova et al.,162 in 1978. However, it is for the last one decade that this 
dynamic phenomenon has been extensively used in analytical determinations. 
Not only regular chemical oscillations have been used for this purpose but the 
chaotic chemical systems have also recently been evaluated 163. In general, a 
bridge between the theoretical and practical aspects of oscillating chemical 
reactions is their response to external perturbations. Thus, trace amounts of 
some substances have been shown to alter the complex dynamics of oscillating 
chemical reactions.  
                    An appreciable number of papers on the analytical use of oscillating 
chemical reactions have been published in the last few years. The growing 
interest can be ascribed to two factors, namely; (1) The physiochemical 
background of oscillating chemical reactions in general, and the reaction 
 systems in particular is becoming better known day-today. Appropriate tools and 
models are developed to explain complex behavior of these reactions. (2) The 
good results recently reported in analytical determinations have encouraged 
others to work in this exciting analytical topic. In general, determinations rely 
on the interaction of the species to be determined with an oscillating reaction; 
changes in some characteristics of the oscillator in presence and in absence are 
correlated with its concentration. The response of the system in the absence of 
analyte is taken as reference for establishing the quantitative relationships 
needed to determine the species of interest. It is pertinent to mention here that to 
ensure more accurate results and for the reaction to be permanently far from 
thermodynamic equilibrium, the open system is best suited for the purpose. 
Nevertheless, a closed system can also serve the purpose, but for a limited time, 
until the thermodynamic equilibrium is achieved164-167. Recently Jimenez-Prieto 
et al.,168 proposed a technique, called Analyte Pulse Perturbation (APP) 
technique to promote the potentials of oscillating chemical reactions in practical 
determinations. The technique uses a CSTR and relies on sequential perturbation 
of an oscillating reaction by successive additions of analyte after regular 
oscillations are restored. Maintaining optimum experimental conditions, the 
system remains in an oscillating state for at least 8 hours, acting as a continuous 
indicator system. This provides a rapid, simple method for performing many 
determinations on the same oscillating system. This operating mode offers 
obvious advantages over discrete systems and endows the APP technique with 
high practical potential. 
               The use of oscillating chemical reactions for analytical monitoring has 
concentrated mainly on BZ reaction. However, BR reaction and some copper 
oscillators169-172 have also been used. Li et al.173 studied the sodium 
diphenylamine sulfonate to perturb the BZ reaction in a closed system. It was 
found that owing to a reaction between sodium diphenylamine sulfonate and 
Ce4⁺ existed, the adding of analyte caused the changes in both amplitude and 
period. Both changes are directly proportional to the amount of analyte added. 
The change in amplitude has been used to quantitatively determine the analyte 
in the range from 4.99x10⁻7 to 1.22x10-2 mol L⁻1 with a correlation cefficient of 
 0.9948, while as the change in period of oscillations has been used for its 
determination in the range from 4.98x10-4 to 1.22x10-2 mol L-1 with the 
correlation coefficient of 0.9916. In a similar closed system, Fan et al.,174 using 
the change of amplitude and time period to examine the vitamin B1 in the range 
of 5.10x10-6 to 2.78x10-4 mol L -1, with the correlation coefficients of 0.995 and 
0.993 respectively. As there is no ability to offer a continuous injection of 
samples in a closed system, many real samples were analyzed in open system 
with CSTR. Gao et al.,175 reported the determination of many organic substances 
and drugs using APP technique in the BZ open system. For example, the change 
in amplitude is linearly proportional to the logarithm of concentration of 
hydroquinone in the range from1.0x10⁻7 to 2.0x10-4M with R2 = 0.9965. 
Benzidine176, phenol177, resorcinol178 and ninhydrin179 were also determined 
with low detection limits and excellent correlations by the same author. 
Recently Raoof et al.,180 investigated the effect of hydrazine on a BZ oscillating 
chemical reaction, under the optimum conditions to determine traces of 
hydrazine in waste-water samples. It was found that both sensitivity and 
reproducibility are good. In view of this a new trend related to its analytical 
usage has evolved in which the real samples are analysed through BZ reaction in 
order to monitor the presence of any metabolite at even very low concentration 
which may cause deleterious effects on its persistence in vivo. Ren et al.,181 
made a qualitative comparison of urine from patients on the BZ oscillating 
reaction. Heroin, an excitant, has a strong perturbation to the BZ oscillating 
reaction182 with respect to amplitude and period. It was examined sensitively in 
large range of 1.8x10-8 to 2.1x10-3M. Barbituric acid, as a starting material to 
synthesize tranquilizer, is important to study mechanism of medicine because it 
is a degradation product from tranquilizer in human body. It could also be 
examined183 by BZ oscillatory reaction with a linear range of 6.4x10-7 to 3.1x10-
3M. Many inorganic ions such as NO2⁻ 184, As(III)185, halogen ions186,187, 
Ag(I)188, Tl(I)189 and many other analytes have been determined using BZ 
oscillating reactions. Copper(II)-catalyzed oscillating reactions have also been 
used in analytical determinations. Xiang et al.,190 reported an analytical 
 determination of vitamin K3 using Cu(II)- catalyzed oscillating reaction, with a 
linear range of 5.3x10-7 to 2.2x10-4M.  
                 On the basis of aforesaid discussion, it is concluded that oscillatory 
chemical reaction is a fascinating area. Intense studies in all directions serve as a 
guide to understand and use these systems, thus attracting the researchers for 
more and more exploration. At present, analytical determination and analyte 
pulse perturbation technique coupled with continuously stirred tank reactor has 
strongly improved the really applied valuation. The results are of great interest 
with high sensitivity and precision. As an analytical method, oscillatory 
chemical reactions would be investigated extremely in future. 
  
1.7. Aims and Objectives of the Present Investigation: 
                Nonlinear dynamics is the study of how systems whose behaviour 
depends in a nonlinear fashion on the values of key variables, like 
concentrations in a chemical reaction, evolve in time.  All complex systems of 
interest, including living ones, are nonlinear, often extremely so, but scientists 
often find it convenient, e.g., in the case of relaxation kinetics191 to utilise 
conditions where the system under consideration behaves linearly. In chemical 
systems, nonlinearities typically arise from the rate equations of mass action 
kinetics: unless one works under special conditions, any bimolecular elementary 
steps lead to quadratic terms in the rate law. As the example of relaxation 
kinetics illustrates, if a system is near equilibrium, nonlinear effects may be 
negligible. It is only far from equilibrium that chemical systems become 
interesting from the point of view of nonlinear dynamics. 
  The prototypical phenomenon of nonlinear chemical dynamics is 
chemical oscillation- the temporally periodic, or nearly periodic, variation of the 
concentrations of one or more species in a reaction. If chemical oscillation is the 
prototypical phenomenon, then the Belousov–Zhabotinsky (BZ) reaction is the 
prototype system for nonlinear chemical dynamics. A repertoire of chemical 
oscillators has grown from two accidentally discovered systems (BZ and BR) 
and their variants to literally dozens of new oscillating reactions spanning much 
of the periodic table. While oxyhalogen chemistry192 which characterises both 
 the Bray and the BZ systems, remains the richest source, sulfur193, 
phosphorus194, cobalt195,196 and manganese chemistry197 as well as organic 
reactions195 also give rise to significant numbers of oscillating reactions. 
Mechanisms have been developed for many chemical oscillators, making it 
possible to identify families of oscillators and even “minimal oscillators,”198 i.e., 
the unique member of a family whose components are found, either as reactants 
or as intermediates, in all members of that family. The substitutions, especially 
in organic substrates, lead to many peculiarities. Polyphenols and polyanilines 
as substrates in BZ reaction are the prototype of biochemical systems as these 
molecules, either individually or as a part of larger biomolecules, form 
important constituents of biochemical pathways. Nonlinear study of these 
molecules would help in better understanding and in probing into the intricate 
mechanisms underlying the biological phenomena. Applications of BZ reactions 
in analytical chemistry have grown substantially in the past few years. The 
method is highly reliable owing to its sensitivity, reproducibility, accuracy, and 
above all its precision. It is not costly and is highly affordable, involving simple 
instrumentation. The lowest detection limit can be of the order of 10⁻8 molL⁻1. 
Changing the initial conditions of BZ reaction would change the qualitative as 
well as quantitative nature of the oscillation pulse and thus help in building more 
accurate kinetic models. Interaction of a particular BZ reaction with an external 
perturbant would help in establishing a particular mechanistic step. 
  In view of the aforesaid conceptual thoughts, we selected Catechol (1,2 
dihydrixybenzene) as an organic substrate to study its nonlinear behavior, in 
presence of Mn(II) as catalyst and inorganic bromate as oxidant in aqueous 
sulfuric acid medium. The study was carried out in the following order.  
a) Optimization of the initial concentrations of the Catechol-BrO3⁻-Mn(II)  
BZ system. This was done by changing the concentration of one of the 
reagents while keeping that of others constant. The reaction was carried in 
a batch reactor under unstirred conditions in aqueous sulfuric acid at 
30±0.1˚C. Concentrations of the reagents were chosen so as to generate a 
typical oscillating profile with optimum oscillating parameters. 
 b) The optimized Catechol-BrO₃⁻-Mn(II) oscillator obtained above was 
studied in different aqueous acid media such as phosphoric acid, nitric acid 
and perchloric acid. However, sulphuric acid has been found the most 
suitable medium for the reaction. 
c) Effect of varying temperature on the Catechol-BrO₃⁻-Mn(II) oscillating 
reaction has also been studied. Temperature has been found to be an 
important bifurcation parameter.  Use of this BZ system as temperature 
probe is suggested. 
d) Effect of antioxidants on the above BZ system was studied. Two 
antioxidants, ascorbic acid and inosine, were chosen for this purpose. The 
mechanism of their interaction has been proposed.  
e) Analytical determination of ascorbic acid and inosine using Catechol-
BrO₃⁻-Mn(II) BZ reaction was also studied. A good linear relationship 
between concentration of these antioxidants versus induction time has 
been found.     
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Chapter 2 
EXPERIMENTAL 
 
 
 
 
 
 
 
2.1. ChemiCals/Reagents Used  
 The name, quality and make of the reagents used in the present study is listed 
in table 2.1. The reagents were used as such without further purification. 
Table 2.1 List of the Reagents used: 
S. No.    Reagent                                           Grade      Assay          Make 
1.       Ascorbic acid                                       AR           99.0%       Sigma Aldrich    
2.       Catechol                                               AR           99.0%       Qualigens 
3.       Inosine                                                  AR          99.0%       Sigma Aldrich      
4.       Manganese(II) sulphate monohydrate    LR           98.0%      BDH        
5.       Nitric acid                                              LR           70.0%      Fischer Scientific 
6.       Orthophosphoric acid                            LR           85.0%       Merck 
7.       Perchloric acid                                       LR           70.0%       Qualigens 
8.       Potassium bromate                                 AR           99.6%      Merck 
9.       Potassium chloride                                 AR           99.5%      Merck 
10.     Potassium nitrate                                    AR           99.0%      Merck 
11.     Sodium bromate                                     AR           99.0%      Merck 
12.     Sulphuric acid                                         LR           98.0%      Merck 
 
                                                                                                                                    
        (a)                                     (b)                                           (c) 
 
Figure 2.1 Chemical structure of (a) Catechol (b) Ascorbic acid (c) Inosine 
 
 
 
 
 2.2.  Techniques Employed 
2.2.1. Potentiometry:  
           Potentiometric methods of analysis are based on measuring the potential 
of electrochemical cells without drawing appreciable current. Electrically 
charged particles are often met in chemical systems in the form of ions or 
electrons. As a rule, a solution is electrically neutral. However, some chemical 
processes result in the apparition of a non-uniform distribution of charged 
particles and local deviation from electrical neutrality. For example, if a Pt wire 
is immersed into a  Mn2+ and Mn3+ containing solution, Mn2+ tends to donate 
electrons to the metal, whereas Mn3+ attempts at extracting electrons. If 
mangenese ion concentrations are the same, the above trends compensate each 
other and no electric charge develops at the metal surface. But, if one of the ions 
is in excess (say [Mn3+] > [Mn2+]), the Pt wire will acquire a deficit of electrons, 
i.e. a positive electric charge. An estimation of this charge would provide 
information on the mangenese ion concentrations. However, direct charge 
determination is not straight forward, instead, an indirect estimation can be done 
by means of the electric potential of the charged metal electrode. Estimation of 
the absolute potential, however, is not possible, instead, a potential difference 
(or voltage) is measured in practical applications. In electrochemistry, a 
reference electrode (with a constant potential) is always associated with the 
electrode of interest (called indicator electrode). Along with the test solution, the 
above electrodes form an electrochemical cell. The cell voltage can be measured 
and is related to electrode potentials: 
                                              Ecell = Ei −Er                                                        (2.11a) 
Here, the subscripts i and r stand for indicator and reference electrodes, 
respectively. By construction, a reference electrode is able to keep its potential 
constant and any change in Ei is therefore accurately reflected by changes in 
Ecell. 
Potentiometric technique is the most widely and convenient technique employed 
to study the nonlinear chemical dynamics. This technique is simple, sensitive, 
and selective. A platinum electrode and a reference electrode are required for 
any system with a species that changes its oxidation state during the reaction. 
The potential Ei is given by the Nernst equation: 
                                                
                                       ࡱ = ࡱ˚ −  ܀܂
ܖ۴
ܔܖࡽ                                              (2.11b) 
 
Where Q is the reaction quotient = [Reduced]/[Oxidized], E˚ is the standard 
reduction potential for the species of interest, R is Universal gas constant, T is 
absolute temperature, F is Faradays constant and n is the number of electrons 
transferred in the reaction. For the one electron reduction of manganese, (n = 1),  
                                      Mn3⁺   +   e⁻    →      Mn²⁺ 
The equation (2.11b)  can be written as:-  
 
                              ࡱ = ࡱ˚ −  ࡾࢀ
ࡲ
࢒࢔
ൣࡹ࢔૛శ൧[ࡹ࢔૜శ]            (2.11c) 
At 25˚C,  
      
                                 ࡱ = ࡱ˚ − ૙.૙૞ૢ ࢒࢕ࢍ [ࡹ࢔૛శ][ࡹ࢔૜శ]                          (2.11d) 
 
which means that in a one electron reaction the cell potential will change by 
59mV for a factor of ten change in [Mn²⁺]/[Mn³⁺]. Rearranging the equation 
(2.11d), we have: 
 
                                        ࢤ[ࡹ࢔૜ା]/[ࡹ࢔૛ା] = ૚૙∆ࡱ/૞ૢ࢓ࢂ                     (2.11e) 
 
The Saturated Calomel Electrode (SCE) is used as the reference electrode. It 
may be mentioned here that early calomel electrodes, which employed 
Hg/Hg2Cl2 in contact with saturated KCl solution, were found to stop 
oscillations in BZ reaction 2,3 as significant amounts of chloride ions could leak 
into the reacting solution and interfere with the chemistry4. Therefore, most 
investigators have employed Hg/Hg2SO4 reference electrode. Modern 
electrodes, however, do not have this problem. Ion-selective indicator 
electrodes, such as bromide electrode, can also be used to monitor the chemical 
oscillatory reaction. For reactions with significant changes in pH, a combination 
 glass electrode is generally used. Oxygen electrodes have occasionally been 
used5. 
                     In the present study the voltage from the BZ oscillator was recorded by 
the Dual channel/pH/ ion conductivity meter (Eutech Instrument; Model PC 
5500). The dynamics of the reaction was monitored with a shiny Platinum 
electrode as the indicator electrode and a Saturated Calomel Electrode (SCE). 
One half cell contained the reaction mixture under investigation with platinum 
electrode dipped into it, and the other half cell contained potassium chloride 
solution of 2.5x10⁻4 mol L⁻1 with SCE dipped into it. The two half cells were 
connected through a salt bridge loaded with agar gel prepared in potassium 
nitrate solution. The temperature of the reaction mixture was maintained by a 
high precision water bath (Siskin Julabo). No stirring was done to the reaction 
mixture.. The redox potential was recorded from the time BrO3- has been added 
to reaction mixture.  The reading from the ion analyzer was recorded manually 
after the intervals of 10 seconds. To study the effect of perturbants such as 
antioxidants on the BZ reaction under investigation, a small volume (0.2ml) was 
injected into the reaction mixture at different time intervals of reaction using a 
serological syringe.  
            The system designed above is an example of closed system batch 
reactor. No chemicals enter or leave the system once the reaction begins. The 
reaction dynamics of the chemical oscillatory reaction is studied far from 
thermodynamic conditions. In a closed system like above the attainment of 
thermodynamic equilibrium is inevitable, and as such the reaction is studied 
only for the time the exotic phenomenon is observable, i.e., before attaining the 
equilibrium. Platinum electrode senses the change in the ratio [Mn3+]/[Mn2+] 
which changes during the oscillatory reaction and hence an erratic signal is 
obtained in absence of mixing. However, the homogeneity is maintained by the 
diffusion. A typical oscillatory profile of the oscillatory chemical reaction with 
optimized oscillatory parameters shown by our system is given in figure 2.1    
  
Figure 2.2 Typical Oscillatory Profile of the System containing [Catechol]= 0.025M, 
[BrO3⁻]= 0.1M, [Mn2⁺]= 0.005M in 1.0M H2SO4 at 30±0.1˚C. 
 
 
2.2.1.1.  Procedure: 
 
  The solutions were prepared in aqueous sulphuric acid medium of 
desired concentrations. Double distilled water was used to prepare all the 
solutions. 2.0ml of each catechol and Mn²⁺ ion solutions were mixed in a cuvette 
and kept in water bath at desired temperature under thermostating conditions. 
2.0ml of bromate ion solution was taken in a separate cuvette and kept under 
thermostating conditions. All solutions were at the desired temperature for about 
20 minutes. Electrodes and salt bridge were thoroughly washed with double 
distilled water and wiped with a soft tissue paper. The reference calomel 
electrode was dipped in the cuvette containing KCl solution and the indicator 
platinum electrode was dipped in the cuvette containing the mixture of catechol 
and Mn(II) solutions. The two half cells so formed were connected through a 
salt bridge. The two half cells were hooked to the dual channel ion analyzer 
(CyberScan Eutech-5500), calibrated in the ORP mode, for recording the redox 
potential. The reaction was started by mixing the 2.0ml of bromate solution into 
the mixture of catechol and Mn(II) ion solution. Different concentrations of the 
reagents were used to study their effect on the oscillatory behavior of the BZ 
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 system under investigation. Effect of changing concentrations of catechol, 
bromate, manganese, and sulphuric acid was studied at 30±0.1°C. The system 
showed best response with optimized oscillatory parameters at 
[Catechol]=0.025M, [BrO3⁻]= 0.1M, [Mn(II)]= 0.005M and [H2SO4]= 1.0M. 
The typical oscillatory profile is shown in figure 2.1. Effect of different aqueous 
acid media was studied while keeping the concentrations of other reagents same 
as above. However, it may be mentioned here that, owing to solubility problem 
of potassium bromate in perchloric acid, sodium bromate of same concentration 
was used in its place. A thorough study of the effect of varying temperature on 
the proposed system was performed with temperatures ranging from 15±0.1°C to 
45±o.1°C. Interaction of antioxidants such as ascorbic acid and inosine with the 
above system was done at 30±0.1°C. The oscillating pulse was perturbed by 
injecting 0.2ml of the given antioxidant of different concentrations into the 
reaction mixture at different time intervals. 
 
2.2.1.2. Study of oscillatory parameters: 
               An oscillatory chemical reaction is often studied with respect to its 
oscillatory characteristics. Changing of the variables have pronounced effects on 
these characteristics. The various oscillatory parameters include induction 
period (tin), time period (tp), amplitude (A), frequency (ν) and number of 
oscillations (n). 
  Chemical oscillations differ from their physical analogues in certain 
characteristics. One such characteristic is the induction time (tin). Induction time 
is usually defined as the pre-oscillatory time, i.e., the time from the start of 
reaction to when the reaction actually enters into oscillatory regime. The 
induction time is constant at a particular concentration under the constant 
external conditions. As a general rule, oscillations in a chemical system are set 
only after the accumulation of a critical level of bromoderivative of organic 
substrate. Thus, the induction period observed before the onset of oscillations is 
closely related to the concentration of bromoderivative of the organic substrate. 
This has been proved by the fact that the pre-oscillatory induction period can 
almost be eliminated by the initial addition of bromoderivative of the organic 
 substrate. Since the pre-oscillatory accumulation of bromoderivative of the 
organic substrate depends on the concentrations of the reacting species, thus it is 
the function of the initial reagent concentrations.  
  Temperature has been observed to have a marked effect on the induction 
period of a BZ system.  The induction may vary from few seconds to hours or 
even years as in case of biochemical oscillators. The time taken to complete one 
cycle of oscillation is called the time period (tp). The time period of oscillations 
remains constant in an open oscillatory system, but in a closed system, since the 
concentration of the oscillating species decreases as the reaction approaches 
equilibrium, the time period of the successive oscillations increases till system 
damps to monotonic behavior.  Related to the time period is another 
fundamental characteristic of oscillations, i.e., frequency (ν). It is the inverse of 
time period. In an oscillating chemical reaction there may be high frequency or 
low frequency oscillations or even both types of oscillations may be shown by 
the same BZ oscillator. For example, substituted phenols and anilines show the 
dual frequency oscillations. Another important parameter of the oscillatory 
system is the amplitude (A) of oscillations. It is directly related to the ratio of 
the reduced and oxidized form of the species sensed by the indicator electrode. 
In a metal ion catalyzed oscillatory reaction the amplitude is the indicator of 
[Mn+]/[M(n+1) +]. In case of spectrophotometric measurement amplitude is given 
by the absorbance of the oscillating species at its λmax.  
 
2.3. Dependence of Oscillatory Parameters on Different Variables of the 
Reaction: 
            Our study presents an experimental investigation on the dynamics of 
manganese-bromate-catechol system in aqueous acid media. Complex, long 
time series periodic and a-periodic oscillations are reported in the above 
mentioned system conducted in an unstirred batch reactor (UBR) at constant 
temperature (30±0.1 C).The oscillatory parameters have been found to be the 
function of the concentration of the aforesaid reagents. These reagents were 
mixed in varying concentrations to evolve the effective concentration at which 
the oscillator exhibits optimal behaviour. The various oscillatory parameters 
such as time period (tp), induction time (tin), frequency (ν), amplitude (A)  and 
 number of oscillations(n) were derived. Different aqueous acid media such as 
HNO3, HClO4, H3PO4 and H2SO4 were used to observe the oscillatory behavior 
of the system. However, oaqueous H2SO4 has been found most suitable to 
observe the dynamic behavior.  
 
2.3.1). Effect of initial concentration of the reagents: 
 Concentrations of various reacting species such as catechol, bromate, 
manganese (II), and sulphuric acid medium was changed systematically in order 
to optimize the oscillatory parameters. The data to this effect is given in Tables 
2.2 to 2.5 
 
Table 2.2. Variation of [Catechol] in the system with [Mn2+]= 0.005M, [BrO3¯]= 0.1M,  
[H2SO4]=1.0M, at 30±0.1˚C. 
      
 [Catechol]       Induction period     Time period   Frequency    Amplitude      No. of Oscillations 
        (M)                   tin (s)                        tp (s)            ν (s-1)                 A (mV)                    (n) 
       0.015                 1520                         325              0.003076                52                         4 
       0.020                 1500                         355              0.002819                65                         5 
       0.025                 1380                         170              0.005882                125                       14 
       0.030                 1440                         160              0.006250                70                         10 
       0.035                 1480                         120              0.008333                37                         13 
       0.040                 1510                         140              0.007142                37                         11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 2.3 Variation of [BrO3¯] in the system with [Mn2+]= 0.005M,  [Catechol]=0.025M, 
[H2SO4] = 1.0M at 30 ± 0.1°C 
  [Bromate]    Induction period   Time period   Frequency     Amplitude      No. of Oscillations 
      (M)                   tin (s)                     tp (s)               ν (s-1)           A (mV)                   (n) 
     0.02                       **                       **                   **                   **                        ** 
     0.04                    1710                      250             0.00400              30                        3 
     0.06                     1540                     115             0.00869              95                        11 
     0.08                     1410                     180             0.00555              90                        12 
     0.10                     1380                     170             0.00588              125                      14 
     0.12                     1450                     190             0.00526              95                        12 
     0.14                    1520                      215             0.00465              65                        8 
     0.16                    1600                      220             0.00454              25                        5 
     0.18                      **                        **                   **                   **                        ** 
 
     ** no oscillations are seen 
 
 
 
Table 2.5 Variation of [H2SO4] in the system with [Catechol]=0.025M, [BrO3⁻]= 0.1M, 
[Mn2+]= 0.005M at 30 ± 0.1°C. 
  [H2SO4]   Induction period    Time period      Frequency     Amplitude       No. of Oscillations 
      (M)             tin (s)                       tp (s)                 ν (s-1)           A (mV)                       (n) 
       0.50           1690                        220                0.004545             28                              9 
      0.75           1660                        180                0.005555             33                             10 
      1.00           1380                        170                0.005882             125                           13 
      1.25           1260                        185                0.005405             20                             11 
      1.50           1000                        135                0.007407             15                              9 
Table 2.4 Variation of [Mn2+] in the system with [BrO3⁻] = 0.1M, [Catechol] = 0.025M, 
[H2SO4] = 1.0M,  at 30 ± 0.1°C. 
[Manganese]    Induction period    Time period    Frequency   Amplitude    No. of Oscillations 
    (M)                       tin (s)                     tp (s)               ν (s-1)            A (mV)                (n) 
   0.001                       1710                     110             0.009091             92                     13 
   0.003                       1450                     145             0.006896             120                   12 
   0.005                       1380                     170             0.005882             125                   14 
   0.007                       1400                     200             0.005000             102                   11 
   0.009                       1410                     260             0.003846             140                   10 
   0.011                       1400                     240             0.004166             110                   9 
 2.3.2)  Effect of different aqueous acid media:  
  Different aqueous acids have been used to investigate their suitability as 
media for the oscillatory reaction. All the reagents were prepared in the varying 
concentrations of a desired acid to study its effect on the oscillatory parameters 
like tin, tp, A, and  ν. 1.0M Sulphuric acid has been found most suitable medium 
with respect to the above oscillatory characteristics and hence was chosen as the 
concentration for the detailed study of the system. The reaction was also studied 
in the varying concentrations of phosphoric acid, nitric acid, and perchloric acid 
media. While the oscillatory window of nitric acid and perchloric acid is very 
narrow as compared to sulphuric acid, phosphoric acid is completely negative in 
this regard. It may be mentioned here that owing to some solubility problem of 
potassium bromate in aqueous perchloric acid, sodium bromate was used. The 
data obtained at each concentration of different aqueous acid media is recorded 
in table 2.6.   
 
Table 2.6  Oscillatory Parameters of Catechol-BrO3⁻-Mn(II) system with  [Mn2+]= 0.005M, 
[Catechol]=0.025M, [BrO3⁻] = 0.1M,  at 30 ± 0.1⁰C in different aqueous acid 
media 
Acid     Concentration    Induction period    Time period    Frequency   Amplitude       No. of  
             of acid (N)                  tin (s)                       tp (s)                ν (s⁻1)         A (mV)      Oscillations n 
H2SO4         1.0                         1690                      220               0.004545            28                   9 
                   1.5                         1660                      180               0.005555            33                   10 
                   2.0                         1380                      170               0.005882            125                 13 
                   2.5                         1260                      185               0.005405            20                   11 
                   3.0                         1000                      135               0.007407            15                    9 
HNO3         0.5                           **                          **                  **                    **                   ** 
                   1.0                         1470                      95                 0.010526            25                   14 
                   1.5                         1170                      90                 0.011111            99                   12  
                   2.0                           **                        **                    **                    **                   ** 
 HClO4         0.5                           **                        **                    **                    **                   ** 
                   1.0                         1660                      115               0.008695            28                   12  
                   1.5                         1540                      125               0.008000            55                   13  
                   2.0                         1340                      130               0.007692            75                    9 
                   2.5                          **                         **                     **                   **                   ** 
H3PO4           1.0                           **                         **                     **                   **                   ** 
                   1.5                          **                         **                     **                   **                   ** 
                   2.0                          **                         **                     **                   **                   ** 
** no oscillations are seen 
 
 2.3.3) Effect of temperature: 
           A detailed investigation of the Catechol-BrO3⁻- Mn(II) BZ system was 
carried out at different temperatures ranging from 15±0.1˚C to 45±0.1˚C. 
Oscillatory parameters have been found to show a great deal of variation. 
Induction time and frequency of oscillations have been found more sensitive to 
the changing temperature as compared to amplitude. Activation parameters such 
as enthalpy of activation (ΔH#) and entropy of activation (ΔS#) for the reaction 
have been calculated from the data generated on the basis of this effect. The data 
is recorded in tables 2.7 and 2.8 
 
Table 2.7 Oscillation parameters at different temperatures for the system consisting of [Catechol] 
= 0.025M, [BrO3⁻]= 0.1M, [Mn²⁺]= 0.005M, and [H2SO4]= 1.0M.              
Temperature   Induction period*   Time period*  Frequency*      Amplitude*    No. of Oscillations 
   T (K)                        tin (s)                         tp (s)                   ν (s-1)                  A (mV)                    (n) 
288.15                  6090                   480            0.0020833           130                  6 
293.15                  3890                   340            0.0029412           116                  8 
298.15                  2410                   225            0.0044444           128                 10 
303.15                  1380                   155            0.0064516           125                 14 
308.15                  1000                   137            0.0072993           153                 11 
313.15                   670                     97             0.0103093           154                  9 
318.5                     470                     80             0.01250000         154                  6 
          *Average has been calculated for the first four oscillations 
 
Table 2.8 Enthalpy and Entropy of activation for the BZ System containing Catechol- BrO3⁻-
Mn2+ with the concentrations given in table 2.7                  
Activation Parameter 
Oscillation Parameters 
tin (s)             tp (s)               ν (s⁻1)                A (mV) 
ΔH#(kJ/mol) 
    63.36            43.23               -48.26               -9.28 
ΔS#(J/mol K)     -97.11          -145.43             -361.26             -316.53 
 
 
 
 
 2.3.4) Effect of Antioxidants:  
           The effect of antioxidant additives such as ascorbic acid and inosine on 
the Catechol- BrO3⁻-Mn2+ oscillator has been thoroughly investigated. By 
perturbing the oscillating pulse at different stages with small volumes of 
different concentrations of these antioxidants some interesting results have been 
obtained. 0-2ml of antioxidants with concentrations ranging from 0.005M to 
0.5M were added to the reaction mixture at three different time intervals viz. (i) 
at the beginning (t=0s) when the reaction is yet to start, (ii) at the stage (t= 520s) 
when the reactions has actually begun but oscillations are yet to commence, and 
(iii) after the commencement of the oscillations (t= 1560s).  A good linear 
dependence of induction time on the concentrations of ascorbic acid and inosine 
has been found. The oscillatory parameters show a great deal of response 
depending upon the time of injection of the antioxidants.  The data to this effect 
is recorded in tables 2.9 and 2.10  
 Table 2.9 Effect of Ascorbic acid# on the oscillatory behavior of Catechol- BrO3⁻-Mn2+ BZ system 
Ascorbic acid   Induction period   Time period*  Frequency*   Amplitude*   No. of Oscillations 
     (M)                     tin (s)                       tp (s)          ν (s-1) x10⁻³       A (mV)                     (n) 
   0.005               1400               173            5.78            156                  11 
   0.01                 1350               163            6.13            122                  11 
   0.02                 1310               190            5.26            155                  10 
   0.03                 1280               183            5.46            140                  9 
   0.04                 1250               183            5.46            130                  8    
   0.05                 1210               186            5.37            142                  7 
   0.06                 1180               220            4.54            166                  6 
   0.07                 1130               213            4.69            168                  5 
   0.08                 1100               226            4.42            173                  5     
  # added at the start of reaction. * average of first four oscillations has been taken 
 
 
 
 
 
                 
 Table 2.10 Effect of Inosine# on the oscillatory behavior of Catechol- BrO3⁻-Mn2+ BZ system
 
   Inosine     Induction period*   Time period*     Frequency*      Amplitude*    No. of Oscillations 
     (M)                 tin (s)                      tp (s)                  ν (s-1) x10⁻³          A (mV)                    (n) 
    0.1             1340               180                 5.55               120                   7 
    0.2             1400               200                 5.00               110                   6 
    0.3             1530               170                 5.88               118                   6 
    0.4             1580               190                 5.26               126                   4 
    0.5             1590               216                 4.63               108                   3 
    0.6             1630               200                 5.00               30                     1 
 
2.4. Spectrophotometric Monitoring of Oscillatory Chemical Reaction:  
 The absorption of light in the visible and near ultraviolet regions of 
spectrum by a solution is governed by a photophysical law, known as the 
Lambert-Beer law, according to which, when a beam of monochromatic 
radiation of suitable frequency passes through a solution, it is absorbed by the 
solution. As a result the intensity of emergent light (I) is considerably reduced 
than that of the incident light (I0), and this decrease in intensity depends upon 
the thickness (b) and concentration (c) of the absorbing solution, i.e.,  
                                                          ܔܖ ࡵ/ࡵ૙ ୀ ⁻ ࢻ࢈ࢉ                                (2.12a) 
where α is proportionality constant. Changing to the common log, we have 
                                                ࡭ =  ܔܗ܏ ࡵ૙
ࡵ
=  ࢿ࢈ࢉ                            (2.12b) 
where ε is called the absorption coefficient or extinction coefficient of the 
absorbing medium. It is characteristic of the solute and depends upon the nature 
of the solvent, temperature and the wave length of the radiation employed. If the 
concentration c of the solution is expressed in molL⁻1 and path length b in cm, 
then ε is referred to as molar absorption coefficient. The spectrophotometer may 
detect the percentage transmittance of light radiation when light of certain 
intensity and frequency range is passed through the sample. Thus, the instrument 
compares the intensity of transmitted light with that of the incident light. 
Transmittance, T, is related to the absorbance, A, as; 
                                             ࡭ = −  ܔܗ܏ࢀ                                         (2.12c) 
 or                           
                                                    ࢀ = ૚૙ି࡭ =  ૚૙ିࢿ࢈ࢉ                             (2.12d) 
            Spectrophotometry is a versatile technique to study the chemical 
reactions. If there are absorbing species, ultraviolet and/or visible (UV/vis) 
spectrophotometry offers rapid response time and high sensitivity for monitoring 
concentrations, particularly if the species of interest have spectra with relatively 
little overlap. If this absorbing species is showing repeated increase and 
decrease in its concentration with time, i.e., it oscillates, it could prove quite 
helpful in the study of oscillatory chemical reaction6. Measurements can be 
made in a cuvette placed in a standard UV/vis spectrophotometer. 
 As already mentioned, in the present investigation, the potentiometric 
findings have been supported with the spectrophotometric technique. The 
typical concentration of the reagents evolved in potentiometry so as to obtain the 
optimized oscillatory parameters was three times diluted to eliminate the noise 
of the signal and to work within the range of the instrument. The measurements 
were made by a Shimadzu spectrophotometer, model no 6500.The data was 
recorded with a PC desktop which was connected to the instrument and installed 
with UV probe (version 2.0) software. A water circulating thermostat was 
hooked to the instrument so to maintain the desired temperature of the reaction 
in the cuvette. The cuvettes were thoroughly rinsed with double distilled water 
and dilute nitric acid before using. Solvent sulphuric acid (1.0M) was used as 
reagent blank. 1.25ml of each Catechol, and Manganese(II) solution was taken 
as compared to 2.0ml taken in potentiometric investigations keeping in view the 
4.0ml capacity of the cuvettes.  The mixture in the cuvette was kept under 
thermostating conditions at 30±0.1˚C for about 10 minutes. The reaction was 
started by adding 1.25ml of bromate solution into the mixture. It may be 
mentioned here that decreasing the concentration of the reagents to one-third of 
that evolved in potentiometric findings (sec 2.1.1.3) and curtailing down the 
volume of the reactants to the capacity of cuvette considerably reduced the 
oscillatory parameters. However, this was inevitable keeping in view the 
limitations of the instrument. As in case of potentiometric investigations, 
reaction was carried under unstirred conditions.  The wave length of maximum 
 absorption (λmax) was worked out to 320nm which corresponds to the Mn(III) in 
the reaction mixture. The (λmax) of Mn(II) is influenced by the presence of other 
species such as catechol and bromate. A typical oscillating profile is given in the 
figure 2.3 
                
           Figure 2.3  A typical Spectrophotometric Oscillatory Profile of the System consisting of 
[Catechol] = 8.33x10⁻3M, [BrO3⁻]= 0.033M, [Mn2⁺]= 1.67x10⁻3M in 1.0M 
H2SO4 at 30±0.01˚C. 
 
           Antioxidants, such as ascorbic acid and inosine were added as 
perturbants to the Catecho-BrO3⁻-Mn(II) oscillator before adding the bromate at 
the beginning of the reaction. 0.05ml of different concentrations of the 
antioxidants were added to investigate their effect on the evolution of oscillating 
pulse. The results are in conformity with those of potentiometric investigations.   
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Chapter 3 
RESULTS 
AND 
DISCUSSION 
 
 
 
 
 
 3.1 Results And discussion:  
                    A graphical description of the findings of the present investigation is 
given in this section. The results given in the previous chapter are explained in 
light of the well established mechanism, as well as chemical and analytical 
equations.  
           Figure 2.1(Chapter 2) gives a typical oscillating profile of the Catechol-
Bromate-Manganese system. According to Orban and Koros 1,2 oxidation of 
catechol with acidic bromate results in the formation of a stable quinone  and 
bromine and thus oscillations are not observed in this   system. However, in the 
present investigation we report an ample number of periodic and aperiodcic 
oscillations in the manganese-bromate-catechol system within the narrow 
window of catechol/bromate concentrations. It has been observed that on 
addition of bromate to the catechol-manganese solution the color turns dark 
brown, indicating probably the formation of quinoid type species. However, this 
dark brown coloration immediately changes to light yellow with simultaneous 
change in potential. The gradual disappearance of the color indicates that the 
bromine produced in the reaction is utilized in brominating catechol. As 
indicated by the platinum electrode, there is a large excursion of potential on 
addition of bromate to the reaction mixture. After an initial quick rise, the 
potential stays flat for about 6 minutes before a large spike is produced in the 
time versus potential graph. This bifurcation seems to be sensitive to the 
concentration of bromate and acid. The potential again stays flat for about 17 
minutes as if the reaction has almost completed. However, after this long pre- 
oscillatory period i.e., the induction period, the system bifurcates into an 
oscillatory regime. It seems that catechol shows some dual frequency 
oscillations, though this may be incorrect in wake of the absence of a side chain 
in catechol 3. The bifurcation of the reaction into an oscillatory regime after a 
long pre- oscillatory phase and the oscillation characteristics are dependent on 
the initial reagent concentrations. 
 
 
 
 3.2 Oscillatory Window of the Catechol-Bromate-Manganese Oscillatory system: 
Effect of initial concentration of the reagents: 
                 The oscillatory characteristics show a sensitive dependence on the 
concentration of the reactants involved. Figures 3.1-3.4 show the variation in 
oscillating parameters at different concentrations of various reactants while 
keeping the concentration of other reacting species constant at constant 
temperature (30±0.1  C). It is apparent from the data given in table 2.2 that 
with increase in the concentration of catechol, the induction period sharply 
decreases and then increases gradually after reaching a minimum at [catechol] = 
0.025M. The number of oscillations as well as the average amplitude shows 
more or less the same trend. The observation seems plausible because the 
system bifurcates into an oscillatory regime only after the accumulation of a 
desired amount of the intermediate species and the bromo-organic species i.e., 
bromocatechol. With increase in the concentration of catechol, the rate of 
formation of bromocatechol increases and hence there is shortening of the pre-
oscillatory period, i.e., induction period. Increase in the induction period with 
further increase in the concentration of catechol may be because of the limiting 
concentration of the other reacting species. The time period shows an almost 
decreasing trend with the increase in the concentration of catechol. However, the 
time period of the oscillations increases as the reaction proceeds and ultimately 
the systems damps out. It may be mentioned here, that the average values of the 
oscillation parameters have been taken for the first six oscillations. It is also 
observed that with the change in the concentration of catechol, the shape of the 
oscillation wave changes. The dependence of the oscillatory characteristics such 
as induction period and time period is justified on the basis of the FKN 
mechanism 4, 5. According to this mechanism, the overall BZ reaction may be 
divided into the following three processes: consumption of bromide ion 
(processs A), autocatalytic reaction of bromous acid with oxidation of catalyst 
(process B), and organic reaction with reduction of catalyst (process C). 
 
            BrO3-   +   2Br- +   3H+      →      3HOBr                                                      (A) 
            BrO3-   +   HBrO2   +   2Mred  +  2H+  →   2HBrO2 + 2Mox  + H2O             (B) 
             2Mox + Substrate + Bromoderivative → fBr- + 2Mred + other products  (C) 
                    Table 2.3 gives the variation of oscillatory parameters with varying 
concentration of bromate. With increase in the [BrO3-], the induction period 
decreases upto 0.1M and then increases again. This unusual trend can be due to 
the inhibition effect of the HBrO2 (autocatalytic process) when Br- competes 
with HBrO2 for bromate and the autocatalytic process would not start until [Br-] 
drops to a certain critical value .It is assumed that with increase in the bromate 
concentration the faster accumulation of the bromo-derivative of the substrate 
occurs and hence a shorter induction period is observed6. But with further 
increase in the bromate, the [Br-] increases quickly which requires longer time 
for it to reach the threshold value, resulting in increase in the induction period. It 
may be mentioned here that the high [bromate]/[catechol]  ratio (0.1: 0.025) is 
required to observe the oscillations  owing to the reason that dibromo and even 
tribromo derivatives of catechol are formed on its bromination.  The time period 
of oscillations show the same trend as shown by the induction period owing to 
the same reasons as mentioned for induction period.  The number and the peak 
value of the oscillations first increase and then decrease with increase in the 
concentration of bromate following the FKN mechanism. 
   Table 2.4 shows the change in oscillatory parameters with varying 
concentration of Mn2+. With increase in concentration of Mn2+, induction period 
first decreases sharply up to 0.005M and then shows a steady increase, whereas 
the time period shows gradual increase. This may be attributed to the combined 
effect of process B and C. [Mn2+]/[Mn3+] depends on the autocatalytic process, 
giving rise to the formation of HBrO2 .The amplitude of the oscillations shows 
an increase with the increase in [Mn2+]0. It may be mentioned here that as 
compared to variation in other initial reagents, the amplitude of the oscillations 
does not show much variation with varying [Mn2+]0 . Also the oscillation 
window for Mn2+ is much wider as compared to other reacting species.  
  Acidic medium in BZ reaction is equally important as the other reacting 
species. In acid medium, the redox potential of bromate is around 1.44V which 
is close to the redox potential of BZ mixture i.e., 1.0- 1.5V. Table 2.5 shows the 
 dependence of oscillatory characteristics on the concentration of aqueous 
sulphuric acid medium. Maximum number of oscillations with good frequency 
and sufficient   peak values in our BZ system evolved at 1.0M of H2SO4. The H+ 
ion gives the protonation of the catechol. This reactive protonated intermediate 
acts as a good nucleophile for bromide ion to form the bromocatechol.              
OH
OH
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Figure 3.1   Potential (mV) Versus time(s) plots showing variation of Oscillatory Characteristics 
for the systemcontaining [BrO3-]= 0.1M, [Mn2+]=0.005M and [H2SO4]= 1.0M, 
[Catechol]: (a) 0.015M, (b) 0.020M, (c) 0.025M, (d) 0.030M (e) 0.035M, and (f) 
0.040M. 
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Figure 3.2  Potential (mV) Versus Time(s) plots showing variation of oscillatory characteristics for the 
system containing [Catechol]= 0.025M, [Mn2+]=0.005M and [H2SO4]= 1.0M, [BrO3-]: (a) 
0.06M, (b) 0.08M, (c) 0.1M, and (d) 0.12M, (e) 0.14M, (f) 0.16M  
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Figure 3.3  Potential (mV) Versus time(s) plots showing variation of oscillatory characteristics for the 
system containing [Catechol-]= 0.025M, [BrO3-]=0.1M and [H2SO4]= 1.0M, [Mn2+]: (a) 
0.001M, (b) 0.003M, (c) 0.005M,  (d) 0.007M, (e) 0.009M, (f) 0.011M  
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Figure 3.4  Potential (mV) Versus time(s) plots showing variation of Oscillatory Characteristics for the 
system containing [Catechol-]= 0.025M, [BrO3-]=0.1M and [Mn2+]= 0.005M, [H2SO4]: (a) 
1.5N, (b) 2.0N, (c) 2.5N, and (d) 3.0N.  
 
 
 
 
 
3.3.  Suitability of different Aqueous Acid Media for Catechol-BrO3⁻-Mn²⁺ 
system to exhibit exotic behavior: 
            As already mentioned, medium in BZ reaction influences the oscillatory 
behavior. As such, different acid media have been employed to study their 
suitability for our system to exhibit the exotic phenomenon. Table 2.6 gives a 
comparative trend of different aqueous acid media like sulfuric acid, nitric acid, 
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 perchloric acid and orthophosphoric acid. Sulfuric acid has been found as the 
most suitable medium for the Catechol BZ system. The system shows 
oscillations over a wide range of sulfuric acid concentrations. A good number of 
oscillations with ample amplitude are found in 1.0M H2SO4. The induction 
period and the time period show the continuous decrease with increase in the 
concentration of H2SO4. Catechol forms some dark-brown precipitate after 
about half-an-hour when dissolved in nitric acid. The rate of precipitation 
increases with the increase in concentration of acid. Owing to this reason 
oscillations are found only over a narrow range of the nitric acid concentration 
in a freshly prepared solution of catechol. In perchloric acid the protonation of 
the catechol ring seems to occur at higher concentrations as compared to sulfuric 
acid. Moreover, large amount of heat gets generated, resulting in the quick 
bromination and the subsequent precipitation of the reaction mixture, thus 
limiting the use of perchloric acid for the observation of the dynamic 
phenomenon in the catecchol system. Owing to some unknown reasons the agar-
gel of the salt bridge has been found to dissolve while using perchloric acid as 
the medium. It is pertinent to mention here that sodium bromate was used 
instead of potassium bromate in perchloric acid medium because of the 
solubility problem of potassium bromate. In Orthophosphoric acid, a chocolate 
colored precipitate is formed on adding bromate ion solution to the reaction 
mixture. It is assumed that orthophosphoric acid might be forming a cyclic 
phosphatediester with catechol 7, making the electron density less available for 
the stablisation of the protonated intermediate. The cyclic phosphate diester 
could be easily hydrolysed to  more stable o-hydroxyphenyl ester. This would 
make protonation of the ring and hence the subsequent bromination less facile. 
Infact, catechol could be oxidatively released from ester but this requires 
excessive bromine which might hinder the dynamics of the reaction, thus 
preventing oscillations in the system. Hydrochloric acid could not be used as a 
medium for a BZ reaction because the Cl⁻ ion interferes with the intermediate 
species like HOBr to form chloro-derivatives and thus hinders the autocatalytic 
process.    
  
Figure 3.5  Potential (mV) Versus time(s) plots showing variation of Oscillatory Characteristics for 
the system containing [Catechol-] = 0.025M, [BrO3-]=0.1M,  [Mn2+]= .005M, [HClO4]: 
(a) 1.0N, (b) 1.5N, (c) 2.0N, and (d) 2.5N. 
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Figure 3.6 Potential (mV) Versus time(s) plots showing variation of oscillatory characteristics for the 
system containing [Catechol-] = 0.025M, [BrO3-]= 0.1M and [Mn2+]= .005M, [HNO3]: (a) 
0.5N, (b) 1.0N, (c) 1.5N, and (d) 2.0N.. 
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Figure 3.7  Potential (mV) Versus time(s) plots showing complete absence of oscillations in the 
system containing [Catechol-] = 0.025M, [BrO3-]= 0.1M and [Mn2+]= .005M, [H3PO4]: (a) 
1.5N, (b) 2.0N, (c) 2.5N, and (d) 3.0N.. 
 
3.4. Temperature Dependence of the Catechol-BrO3⁻-Mn²⁺-H2SO4 System: 
           Dependence of oscillatory parameters in Catechol- Bromate-Mangenese 
system on temperature is reported for the first time . Table 2.7 shows the 
dependence of the oscillatory parameters on   temperature. The induction time 
and time period decrease with the increase in temperature. As a general rule, a 
BZ reaction is preceeded by an induction period which is characterised by the 
accumulation of the sufficient amount of brominated substrate. In the present 
system, the long induction period (at 30±0.1⁰C) indicates that a large amount of  
activation energy is required for the bomination of substrate molecule. This 
activation barrier decreases with increase in temperature, resulting in the quick 
bromination of the catechol  to accumulate the bromoderivative and hence there 
is decrease in the  induction time. Since the threshold concentration of 
intermediates is attained quickly at elevated temperatures, the bromide ion 
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 switching is also increased. This results in the decrease in time period (increase 
in  frequency)  of oscillations with the increase in temperature. However, the 
time period of oscillations increases with time as the reactants are consumed. As 
a matter of fact, our system is a closed system and the chemical reaction will 
reach thermodynamic equilibrium.Thus, the oscillations  damp out with time .  
The number of oscillations increase upto 303.15K and then decrease again. This 
might be, because at lower temperature the reaction is slow and rate increases 
with the increase in temperature upto 303.15K. However, with further increase 
in temperature the system is driven quickly closer to equilibrium resulting in 
decrease in the number of oscillations. The temperature dependence of tin, tp, ν,  
A, and N are plotted in figure 3.9. Activation parameters (table 2.8) such as 
enthalpy of activation (ΔH#) and entropy of activation (ΔH#) are calculated from 
the apparent rate constants8,9,10 obtained from the reciprocal of different 
oscillatory parameters (average of first three oscillations have been taken) using 
Eyring Polyani equation11. The values of enthalpy and entropy of activation are 
apparent or experimental values that do not correspond to any elementary 
reaction step. It is not possible to calculate the actual overall rate constant of the 
BZ system owing to its complex nature.  However, the analysis of activation 
parameters from apparent rate constant provides information about the extent to 
which temperature influences the BZ oscillations in our system. 
 An analysis of variation of induction time of Catechol based BZ system 
on the temperature (figure 3.9a) reveals an almost linear dependence with R2 
=0.997, indicating that BZ system could be used as a temperature probe within 
its own limits.  
                                                 
  
Figure 3.8 Potential(mV) Versus time(s) plot showing variation of oscillatory characteristics of the 
system containing [Catechol]= 0.025M, [BrO3-]= 0.1M, [Mn2+]= 0.005M, and [H2SO4]= 
1.0M  at temperatures: (a) 15⁰C, (b) 20⁰C, (c) 25⁰C, (d) 30⁰C, (e) 35⁰C, (f) 40⁰C, and (g) 
45⁰C. 
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 Figure 3.9 Variation of oscillatory parameters of Catechol-BrO3⁻-Mn²⁺-H2SO4 system with 
temperature 
 
                     
                           Figure 3.9a  Temperature dependence of Induction time 
3.5. Temporal Evolution of Catechol-BrO3⁻-Mn²⁺-H2SO4 BZ System in presence 
of Antioxidants: 
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                   Once the oscillating system has been optimized, its response in presence 
of ascorbic acid and inosine antioxidants has been evaluated. Antioxidants of 
low concentrations were injected into the reaction system with a micropipette at 
three different stages of the reaction system. These perturbants were found to 
change the regular course of catechol-BZ oscillatory system by changing the 
induction time, number of oscillations and amplitude. However, regaining of the 
oscillations after perturbation depends upon the concentration and time of 
injection of the antioxidant. Figure 3.10 shows the effect of addition of ascorbic 
acid to the BZ oscillatory system in a batch reactor. The data is given in table 
2.9. Ascorbic acid {(5R)-[(1S)-1,2-dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-
one } was added to catechol-manganese(II) solution mixture and the reaction 
was started with the addition of bromate. It is noticed that ascorbic acid 
decreases the induction time from 1400s with 0.005M to 740s with 0.5M. The 
peak value of oscillations first increases gradually up to 0.1M and then 
decreases while as the number of oscillations show a decreasing trend with  
increase in the concentration of ascorbic acid. The system damps to no 
oscillations at higher concentrations of ascorbic acid. A good linear dependence 
(figure 3.11) of the induction period on the concentration of ascorbic acid has 
been found with R2 = 0.9948 and we, therefore, suggest the possibility of its 
analytical determination with analyte pulse perturbation technique. Detection 
limit is as low as 3.2×10⁻5 M under the prevalent reaction conditions. Injection 
of ascorbic acid at a stage when the reaction has actually begun but the 
oscillations are yet to commence resulted in further decrease in the induction 
time as compared to when it has been added at the start of reaction (figure 3.12). 
The pulse observed a large dip in the potential at the point where the perturbant 
was injected. The time period of oscillations is increased and their number is 
decreased even more quickly. Injection of ascorbic acid of same concentration 
immediately after the commencement of oscillations completely quenches the 
oscillations. 
  Spectrophotometry was employed as a parallel technique to confirm the 
potentiometric findings. As already mentioned, the solutions were diluted to 
one-third whereas the ratio of the reagents was kept same so as to eliminate the 
 noise and to obtain the results within the range of the instrument. Also, volume 
of the reaction mixture taken was scaled down to the capacity of cuvettes. 
However, this resulted in change in the oscillatory parameters i.e., the induction 
time increased whereas the amplitude and number of oscillations decreased. 
Nonetheless, the findings (figure 3.13) are in conformity with those of the 
potentiometric results.  
  Following the same procedure as with ascorbic acid, inosine {9-(β-D-
ribofuranosyl)hypoxanthine (I)} was used as perturbant. Figure 3.14  depicts the 
behavior of the BZ system when 0.2ml of inosine is injected at the start of the 
reaction.  It is observed that the increase in concentration of inosine results in 
increase in the induction time and the number of oscillations  decrease until they 
completely cease at 0.6M inosine. However the amplitude of oscillations is not 
affected much. A dependence of induction time on the inosine concentration 
was found with R2=0.955. Recommencement of oscillations, as already 
mentioned, depends upon the concentration and the time of injection of inosine. 
Injection of inosine at a stage when the system has entered into the oscillatory 
regime completely ceases the oscillations afterwards. A small dip in platinum 
potential is observed at the point of perturbation. The change in the oscillatory 
parameters by inosine are feeble as compared to the ascorbic acid of same 
concentration under the same reaction conditions is used, indicating that former 
is a weaker antioxidant as compared to later.  The above findings can be 
explained in the purview of FKN mechanism3,4. 
  Ascorbic acid is a sugar acid with antioxidant properties 12. One form of 
ascorbic acid is commonly known as vitamin C. Ascorbic acid behaves as a 
vinylogous carboxylic acid where the electrons in the double bond ("vinyl"), 
hydroxyl group lone pair, and the carbonyl double bond form a conjugated 
system. Because the two major resonance structures stabilize the deprotonated 
conjugate base of ascorbic acid, the hydroxyl group in ascorbic acid is much 
more acidic than typical hydroxyl groups. In other words, ascorbic acid can be 
considered as an enol whereas the deprotonated form is an enolate, which is 
usually strongly basic. More importantly, ascorbic acid is a mild reducing agent 
and degrades upon exposure to oxygen, especially in presence of metal ions and 
light. It can be oxidized by one electron to semiascorbate radical or doubly 
oxidized to the stable form called dehydroascorbate. In acidic medium ascorbic 
acid can be considered as enol whereas the deprotonated form is resonance 
stabilised enolate.      
 
                    Ascorbate usually acts as an antioxidant by being available for 
energetically favourable oxidation. Many oxidants (typically, reactive oxygen 
species) such as the hydroxyl radical (formed from hydrogen peroxide), contain 
an unpaired electron, and, thus, are highly reactive. This can be highly damaging 
to humans and plants at the molecular level due to their possible interaction with 
nucleic acids, proteins, and lipids. These free radical interactions are so 
damaging since they result in a whole chain of free radical reactions. More 
specifically, the interaction of an initial free radical (often reactive oxygen 
species) with another molecule changes that molecule itself into a free radical, 
which than reacts with other molecules and also turning them into free radicals. 
Ascorbate can terminate these chain radical reactions by being a stable electron 
donor during its interaction with free radicals, being first converted into an 
ascorbate radical, then monodehydroascorbate and then dehydroascorbate. The 
oxidized forms of ascorbate are relatively stable and do not cause cellular 
damage and can be reversed back to ascorbate by cellular enzymes. 
                    However, being a good electron donor, excess ascorbate in the presence 
of free metal ions can not only promote, but also initiate free radical reactions, 
thus making it a potentially dangerous pro-oxidative compound in certain 
metabolic contexts. 
          We believe that both radical and non-radical mechanisms are simultaneously 
operative in a metal ion catalyzed BZ reaction with polyphenol as an organic 
substrate. We consider that ascorbic acid 13 in our system is oxidized by bromine 
 in presence of acid to dehydro-ascorbate, liberating bromide ion according to the 
following equations:- 
                  BrO3- +   5Br-   +   6H+   ↔      3Br2   +   3H2O                                    (1)  
                  Ascorbic acid    +   Br2   →      Dehydroascorbate   +   2Br-                  (2) 
                   Increase in Br- will suppress the process (B) of FKN mechanism by 
removing HBrO2.  However, process A is enhanced, removing Br- quickly. The 
Br⁻ ion ends up during the  quick bromination of organic substrate. As a gengral 
rule, a BZ reaction is preceded by induction period which is characterized by the 
accumulation of sufficient amount of brominated substrate. Hence, the 
[bromosubstrate]crit. is reached quickly in presence of ascorbic acid, resulting in 
decrease in the induction time. The ascorbic acid would protonate BrO2∙ radical, 
oxidizing Mn(II) to Mn(III). This would result in increase in the amplitude of 
oscillations.  
             HBrO2      +    BrO3-    +     H+        ↔       2BrO2∙    +    H2O               (3) 
  BrO2∙   +  Mn(II)  +  H+(ascorbic acid)  ↔  Mn(III)   +  HBrO2   (4) 
              Since increase in bromide ion concentration due to the presence of 
ascorbic acid removes HBrO2, it will compete with bromate for HBrO2, and 
hence the reaction (4) will slow down. The success of one over the other will 
depend upon the rate constant of the reaction. Since the decrease in induction 
time is substantial than increase in amplitude of oscillations, reaction (2) seems 
to have a win over reaction (4). Also deprotonation of ascorbic acid in acid 
medium is less likely, further disfavoring reaction (4). 
  Oxidation of ascorbic acid to dehydroascorbic acid results in the 
reduction of quinones back to phenols. Thus, quinoid form of catechol which is 
the stable end product is not allowed to form. Hence more of the 
bromoderivative would be formed owing to the presence of sufficient amounts 
of organic substrate, and hence resulting in decrease in the induction time.  
 
     HAr(OH)O· + Ascorbic acid →  HAr(OH)2  + Dehydroascorbic acid    (5)                            
              HOBr   +     HAr(OH)2              →   BrAr(OH)2  +  H2O                           (6) 
                      The system under study is a closed one and the reactants are consumed 
more quickly in presence of ascorbic acid, therefore, the oscillations decay 
earlier. It is, thus, concluded that ascorbic acid acts as a co-substrate in BZ 
reaction with catechol as the main substrate. 
  Inosine{9-(β-D-ribofuranosyl)hypoxanthine (I)} is one of the minor 
nucleosides found in nucleic acids. Inosine attracted special attention after it was 
identified in anticodons of a number of tRNAs 14. It  normalizes the content of 
ATP in the cell, the main source of energy in the cell processes, and has an 
advantage over ATP in that,  as a nucleoside it readily penetrates the cell 
membrane. It is favorably distinguished from other purine nucleoside (adenosine 
and guanasine) by the fact that it does not exhibit a vasodilating side effect. 
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        As is well known, lactam-lactime tautamerism is theoretically possible for 
inosine.  
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Where R is the ribose residue 
At equilibrium, the keto-form is found in abundance than enol-form. 
        The electron density, calculated according to Huckel approximation 15 of 
molecular orbital method in hypoxanthine molecule is given here: 
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        From the electron density distribution, among the carbon atoms capable of 
substitution reactions, the C8- atom possesses the greatest electron density, i.e., 
it should be most vulnerable to electrophillic attack. Of nitrogen atoms, the 
greatest electron density is possessed by the N3 and N7 atoms, consequently they 
should be protonated first in the acidic medium. Also in acidic medium, the 
glycoside bond is hydrolyzed with the formation of hypoxanthine and D-ribose. 
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The C6 carbon atom in the inosine molecule possesses positive charge and 
nucleophillic reactions can occur at it. The C2 carbon atom in inosine molecule, 
as generally in purines, is relatively unreactive, and the reaction of direct 
substitution of a proton at this carbon is unknown.  
        Thus, we conclude that the purine portion of the inosine molecule is 
most characterized by reactions of electrophillic substitution of the proton at N7 
nitrogen atom and the C8 carbon atom. The least labile is the C2 carbon atom. 
Reactions of nucleophillic substitution can proceed at the C6 carbon atom. 
            The bromine molecule formed in process (C) of FKN mechanism may 
act as an electrophile to brominate the inosine molecule at C8 carbon atom 
and/or N3 in the hypoxanthine ring. This bromination of inosine results in 
decrease in the concentration of bromine available for the bromination of 
 catechol, thus, delaying the formation of [bromo-catechol]crit necessary for the 
onset of oscillations. Hence the induction time is decreased.  
   
              Inosine    +    Br2       →          Bromo-inosine     +    Br⁻                     (7)          
         Further the Br⁻ ion can act as a nucleophile to C6 carbon of hypoxanthine ring of 
inosine thus, decreasing [Br⁻]crit.. The decrease in concentration of [Br⁻]crit. will 
result in decrease in the formation of HOBr and HBrO2 in accordance with 
equation -8: 
 
 BrO3⁻   +   Br⁻   +   2H⁺       →      HOBr    +      HBrO2      (8) 
 
         The decreased formation of the autocatalytic species (HBrO2) will decrease the 
oxidation of Mn2+ and hence the [Mn3+]/[Mn2+] couple. Thus, the amplitude of 
oscillations decrease. The decrease in the concentration of autocatalytic species 
[HBrO2], [bromo-catechol]crit. and [Br]crit. will decrease the number of 
oscillations and hence the system damps earlier. Thus, it is observed that inosine 
acts as a retardant of oscillations in catechol-based BZ reaction. 
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Figure 3.10 Temporal evolution of oscillations in catechol-BZ system at 30±0.1⁰C with ascorbic acid: 
(a) without ascorbic acid, (b) = 0.005M, (c) = 0.05M, and (d) = 0.5M,  
 
 
 
 
 
 
 
 
 
Figure 3.11 Linear dependence of induction time (s) with [ascorbic acid] 
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Figure 3.12  Temporal evolution of oscillations after perturbation by 0.2ml of 0.1M ascorbic acid 
at different stages of the reaction.  Arrows indicate the time at which oscillations 
were perturbed 
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      Figure 3.13  Absorbance Versus time(s) of catechol-BZ system at 30±0.1⁰C perturbed with 
ascorbic acid:  (a) without ascorbic acid (b) 0.005M, (c) 0.05M, and (d) 0.5M, injected 
before starting (t= 0s) the reaction.  
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Figure 3.14  Temporal oscillations in catechol-BZ system at 30±0.1⁰C with inosine: (a) without 
inosine, (b) = 0.1M,(c) = 0.4M, and (d) = 0.6M, injected before starting (t= 0s) the 
reaction. 
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Figure 3.15 Temporal oscillations of Catechol-BZ system after perturbation by inosine at different 
stages of the  reaction.  Arrows indicate the time at which oscillations were perturbed. 
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SUMMARY 
 
 
 
 
 
 
  
                                                                 Summary 
        A solution containing potassium bromate, an organic reductant and a small 
amount of cerium sulphate or manganese sulphate in dilute sulphuric acid is a reaction 
system that probably exhibits the richest and most complex phenomenology of any 
known non-living collection of chemicals. One of the remarkable observation is that 
in a homogeneous system (stirred or unstirred) the [M(n+1)+]/[Mn+] ratio, which can 
easily be followed by a platinum electrode, shows oscillations over a considerable 
period of time, even in closed systems. This reaction is only one of the examples of a 
class of processes, generally described as Chemical Oscillators, in which some 
composition of variables exhibit regular  periodic variations in time and/or space. A 
whole family of chemical oscillators with bromate ion as an essential component is 
now known, and members of this family are often referred to as bromate  driven 
oscillators. More exotic behaviors of bromate driven oscillators are “trigger waves” in 
unstirred systems, “facilitation-like behavior”, bistability, or excitability which show 
analogies to propagation of nerve impulse or to dynamic behaviors observed in 
synapses. 
 The majority of chemists before the 1960s simply believed that oscillatory 
chemical processes were thermodynamically impossible. However, this view changed 
rapidly when in 1971 a general thermodynamic theory became widely known 
showing that both biological and chemical oscillators have to be regarded as systems 
far from equilibrium and governed by non-linear dynamic laws. Since that time much 
effort has been concentrated on explaining chemical oscillations in terms of 
component processes and elementary reactions, and also in designing systematically 
new chemical oscillators.  
 Many variants of BZ reaction have been studied using substitutions of various 
reagents of BZ recipe. Bromate appears to be an essential component in any BZ 
system and there is no substitute for it. However, a number of experiments have been 
carried out in which substitutions were made for metal ion catalyst and organic 
substrate. These substitutions, especially in organic substrate, lead to very peculiar 
results. Some of these can be explained within the framework of FKN mechanism 
while others may fall in an entirely new class. 
  In the present investigation we report oscillatory chemical system with 
catechol as organic substrate, Mn(II) as catalyst in 1.0M sulphuric acid at 30±0.1˚C in 
a batch system under unstirred conditions. Catechol is present in living systems as a 
part or an important constituent in the biomolecules such as antioxidants (flavinoides), 
hormones (dopamine, epinephrine, norepinephrine) and in many stimulant drugs such 
as catecholamines. It is equally a potential toxic substance and poisons biomolecules 
like urease. Nonlinear study of catechol, therefore, would help in better understanding 
and in probing into the mechanisms underlying many biological phenomena. Catechol 
has been investigated to show dynamic behavior over a narrow range of 
concentration. 
 There occurs a periodic change in the concentrations of certain important 
constituents or intermediate species in oscillatory chemical reactions. Thus, in 
principle, and occasionally in practice, essentially any technique that can be used  to 
detect changes in concentration can be utilized to monitor the oscillatory chemical 
systems. In present investigation we used the two most widely employed techniques 
i.e., potentiometry and spectrophotometry to study the oscillatory behavior of 
Catechol-BrO3⁻-Mn(II) BZ reaction. Reagents of high purity have been employed in 
this investigation. The findings of the present investigation are summarized here: 
1. Effect of initial reagent concentration:- Changing the initial conditions of a 
BZ reaction would change the qualitative as well quantitative behavior of the 
oscillating pulse. We changed the concentration of each reagent individually 
while keeping that of others constant and optimized the system for having the 
best oscillatory parameters. The concentrations of the optimized catechol-
based BZ oscillator at 30±0.1˚C have been worked to be: 
     [Catechol]0    =     0.025 molL⁻1 
                   [BrO3⁻]0        =     0.1 molL⁻1 
             [Mn2⁺]0          =     0.005 molL⁻1 
                   [H2SO4]0       =     1.0 molL⁻1  
The oscillatory parameters such as induction time (tin), time period (tp), 
frequency (ν), amplitude (A) and number of oscillations (n) have been found 
to be the function of aforesaid reactants. 
 2. Effect of Medium:- Different aqueous acid media such as HNO3, HClO4, 
H3PO4 and H2SO4 have been used to observe the oscillatory  behavior of the 
above catechol-based BZ system. Aqueous sulphuric acid of 1.0M 
concentration has been found the best medium with a wide oscillatory window 
to observe the oscillatory behavior of the above BZ system. Freshly prepared 
solution of catechol in nitric acid shows few oscillations and precipitates out 
after about half an hour. This restricted the use of nitric acid as medium in 
catechol-based BZ reaction. Whileas, perchloric aid appears to be weak for 
protonation of catechol, orthphosphoric acid precipitates the reaction mixture. 
Orthophosphoric acid is completely negative for showing the dynamic 
behavior in catechol-based BZ oscillator. 
 
3. Effect of Temperature:- Investigation of oscillatory behavior of catechol-
based BZ reaction at different temperatures is reported for the first time. It has 
been observed that induction time shows a substantial decrease with the 
increase in temperature. As expected, the rate of reaction increases with the 
increase in temperature. The decrease in induction time with increase in 
temperature has been attributed to the quick bromination of catechol and 
hence the accumulation of sufficient amount of bromo-derivative at higher 
temperatures. Also, at higher temperatures, faster Br⁻ ion switching occurs, 
thus, enhancing process B and C of FKN scheme. Linear dependence of 
induction time on temperature with R2 = 0.99 suggests the use of catechol-
based BZ system as a temperature probe. This results in decrease in the 
induction period. Since the system is a closed one, at higher temperatures it is 
quickly driven to equilibrium and hence the oscillations damp quickly. 
Activation parameters such as enthalpy of activation (ΔH#) and entropy of 
activation (ΔS#) have also been derived from oscillatory parameters using 
Eyring Polyani equation. 
 
4. Effect of Antioxidants:- Once the Catechol-BrO3⁻-Mn2⁺-H2SO4 oscillatory 
system has been optimized, its response in presence of antioxidants such as 
ascorbic acid and inosine has been evaluated. These act as perturbants and 
 have been investigated to change the regular course of oscillations by 
changing their induction time, amplitude and number. The quenching and 
recommencement of oscillations depend upon the concentration and time of 
injection of antioxidant. Oscillations are completely quenched when the 
antioxidants are injected after induction time. Ascorbic acid has been found to 
be the promoter while as inosine has been found as inhibitor of oscillations. 
Ascorbic acid brings oscillations more quickly by decreasing induction time 
whereas inosine delays the commencement of oscillations.  
A linear dependence of induction time on the concentration of ascorbic acid 
with R2 = 0.9948 and on the concentration of inosine with R2 = 0.955 has been 
obtained. Therefore, the possibility of analytical determination of these 
antioxidants with catechol-based BZ oscillator has been explored. Under the 
prevailing conditions the detection limit of these antioxidants is as low as 
3.2x10⁻5 molL⁻1.              
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